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FOREWORD 
This f i n a l  r e p o r t  w a s  prepared under Contract 5951727 
i ssued  by t h e  Ca l i fo rn ia  I n s t i t u t e  of Technology, Jet Propulsion 
Laboratory, Pasadena, Cal i forn ia .  M r .  Ervin Klippenstein is  Contract 
Monitor, D r .  R. M. Burger i s  P ro jec t  Di rec tor ,  and D r .  R. A. Evans is 
Pro jec t  Leader. 
Sciences Divis ion of t he  Research Tr iangle  I n s t i t u t e .  
The work w a s  performed i n  t h e  Engineering and Environmental 
This work w a s  performed f o r  t h e  Jet Propulsion Laboratory, 11 
Cal i forn ia  I n s t i t u t e  of Technology, pursuant t o  a subcontract  issued 
under Prime Contract NAS7-100 between the  Cal i forn ia  I n s t i t u t e  of 
Technology and t h e  United S ta t e s  of America represented by t h e  
Nat ional  Aeronautics and Space Administration." 
ABSTRACT 
This r e p o r t  d i scusses  the  fou r  kinds of uses  t o  which acce lera ted  
t e s t i n g  is  put ;  t h r e e  of them are q u a l i t a t i v e ,  and t h e  fou r th  is quan- 
t i t a t i ve  predic t ion .  
of acce le ra t ed  t e s t i n g  are explained, eg,  t r u e  acce le ra t ion ,  f a i l u r e  
modes and mechanisms, and conceptual models. The d i f f e r e n t  ways of pro- 
gramming the  s e v e r i t y  levels i n  an acce le ra t ed  test are l i s t e d .  The main 
ones are cons tan t - ' s t ress '  tests and s t ep - ' s t r e s s '  tests. I n  order  t o  
compare these  i t  is necessary t o  have some theory of cumulative damage. 
The l i n e a r  theory is  most common b u t  no t  most accurate .  Thermal accele- 
r a t i o n  is by f a r  t he  most usua l  and easy way of acce le ra t ing  a test. 
There is  no magic, i d e a l  formula t o  which properly made th ings  must con- 
form b u t  t h e r e  are u s e f u l  equat ions,  t h e  Arrhenius being t h e  most ubiquitous.  
After  having run an acce lera ted  test most everyone wishes t o  ex t r apo la t e  
t o  t h e  usua l  condi t ions and the  dangers inherent  i n  t h i s  process are 
explained and evaluated. This i s  followed by b r i e f  discussions on how t h e  
acce lera ted  t e s t i n g  has been handled i n  t h e  l i t e r a t u r e  f o r  r e s i s t o r s ,  
capac i tors  ( d i e l e c t r i c s ) ,  d i s c r e t e  semiconductors, and in t eg ra t ed  c i r c u i t s .  
These sec t ions  are s h o r t  s i n c e  t h e  p r i n c i p l e s  have been covered i n  t h e  
ear l ier  genera l  chapters .  
techniques are included in ,  t he  appendixes. 
The concepts necessary t o  understand t h e  philosophy 
Discussions of mathematical d e t a i l s  and spec ia l i zed  
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ACCELERATED TESTING OF ELECTRONIC PARTS 
F i n a l  Report 
1. In t roduc t ion  
This r e p o r t  is a t u t o r i a l  expos i t ion  on t h e  s ta te -of - the-ar t  of 
acce le ra t ed  t e s t i n g  of some e l e c t r o n i c  p a r t s ,  v i z ,  r e s i s t o r s ,  capac i to r s  
( d i e l e c t r i c s ) ,  d i s c r e t e  semiconductors, and in t eg ra t ed  c i r c u i t s ;  i t  i s  
based i n  p a r t  on a survey of t h e  l i t e r a t u r e .  The scope, determined by 
con t r ac tua l  requirements, includes:  l i s t i n g  t h e  l i t e r a t u r e  reviewed 
during t h e  con t r ac t ;  summarizing each approach used i n  acce le ra t ed  t e s t i n g ;  
comparing t h e  test des igns ,  t e s t i n g  methods, mathematical models, and test 
programs; eva lua t ing  t h e  ex ten t  of success and a p p l i c a b i l i t y  of each approach. 
The t e x t  can be taken as a guide t o  t h e  philosophy o f  acce le ra t ed  t e s t i n g  
and as an explanation of t h e  t rade-of fs  which must be made when using it. 
Accelerated t e s t i n g  i s  a very loose ly  defined concept; a t t e m p t s  t o  
make it r igorous  genera l ly  run i n t o  problems. 
r a t ed  t e s t i n g  s t a r t e d  when someone s a i d ,  "Let's shoot t h e  j u i c e  t o  i t  
and see what happens." 
w e  expect i t  t o  b e  t r e a t e d  i n  ordinary p r a c t i c e  and then see what happens." 
One d i f f i c u l t y  is t h a t  treating-it-worse does no t  always mean "shooting 
the j u i c e  t o  it". 
vo l t age  and cu r ren t  are increased  (up t o  a po in t )  and some warmth may 
improve matters f o r  e l e c t r o n i c  equipment by helping t o  reduce t h e  mois- 
t u r e  problem. 
Loosely speaking, accele- 
This means, roughly, " L e t ' s  treat i t  worse than 
For example, e l e c t r i c a l  con tac t s  behave b e t t e r  as 
Accelerated t e s t i n g  i n  t h i s  q u a l i t a t i v e  sense  is  sometfiing t h a t  
anyone can do and t h a t  everyone does. 
t a t i v e  foundation f o r  much of it. 
t i o n  t h a t  t roub le s  begin. 
acce le ra ted  t e s t i n g  can conveniently be pu t  i n t o  fou r  classes: 
There is a reasonably firm qual i -  
It is  i n  t h e  q u a n t i t a t i v e  i n t e r p r e t a -  
These q u a l i t a t i v e  and q u a n t i t a t i v e  uses of 
qua l i t a t ive - - to  see what kinds of f a i l u r e s  are generated and 
t o  decide then i f  a modif icat ion is worthwhile. 
qua l i ta t ive- - to  g e t  a rough, quick idea  of whether o r  no t  something 
can s t and  t h e  ga f f .  
qua l i ta t ive- - to  see what happens when t h e  use r  maltreats t h e  
device as he  probably w i l l .  
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4 )  quant i ta t ive- - to  make a p red ic t ion  about t h e  l i f e  under a c t u a l  
operat ing condi t ions.  
There is  l i t t l e  ques t ion  t h a t  acce lera ted  t e s t i n g  is u s e f u l  f o r  t he  
th ree  q u a l i t a t i v e  measures; so  i t  is  mainly the  q u a n t i t a t i v e  problem t o  
which t h i s  r e p o r t  is  addressed. 
merely l i e  ou t s ide  t h e  scope of t he  repor t .  The use of acce lera ted  t e s t i n g  
f o r  t h e  f i r s t  t h r e e  purposes should b e  encouraged because i t  does g ive  
va luable  a d d i t i o n a l  information when compared t o  not  running any such tests. 
This is not t o  demean'the o the r  t h ree ;  they 
Sect ion 2 d i scusses  i n  d e t a i l  some of t he  concepts which are important 
i n  acce lera ted  t e s t i n g .  Sect ion 3 analyzes the  var ious  ways i n  which t h e  
t i m e  sequence of stresses o r  s e v e r i t y  levels may be conveniently arranged 
i n  an acce lera ted  test ,  how these  d i f f e r e n t  tests can be  r e l a t e d ,  and ways 
i n  which more than one component of a s e v e r i t y  level can be  changed a t  one 
t i m e .  
acce le ra t ion .  
r a t i o n  is s o  important and widespread. Sect ion 5 is  a b r i e f  d i scourse  on t h e  
problems involved with ex t rapola t ing  equat ions beyond t h e  range where t h e r e  
are da ta .  Sect ion 6 g ives  a summary of each of t h e  approaches used i n  accele- 
r a t e d  t e s t i n g  and some idea  of t he  ex ten t  of success  and a p p l i c a b i l i t y  t h a t  
each approach has  had. The next  four  s ec t ions  consider t he  ways i n  which 
t e s t i n g  is  acce lera ted  f o r  each class of p a r t .  It compares the  test designs,  
t e s t i n g  methods, mathematical models, and test programs f o r  each pa r t .  The 
r epor t  i s  concluded with t h e  usua l  recommendations and conclusions. The 
appendixes g ive  some of t h e  mathematical techniques and d e t a i l s  which may 
not  be f a m i l i a r  t o  the  reader.  
Sect ion 4 is  concerned wi th  equat ions o r d i n a r i l y  used f o r  temperature 
These have a chapter  by themselves s ince  t h i s  kind of accele- 
The ideas  of a conceptual model and of models vs r e a l i t y  are important 
t o  t h e  po in t  of view pervading t h i s  paper. Therefore Sec. 2 . 1  (Models) 
should be  read carefu l ly .  
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2. Concepts 
2.0 There are several concepts which are used i n  any d iscuss ion  of 
acce lera ted  t e s t i n g  and about which t h e r e  is  some confusion. It is  t h e  
purpose of t h i s  chapter  t o  d i scuss  those  concepts and g ive  them f r u i t f u l  
meanings. 
2.1 Models 
The idea  of a conceptual  model is adapted from t h e  idea  of a 
phys ica l  model such as a model car o r  t h e  model of a bui lding.  
cal  model, t h e  c h a r a c t e r i s t i c s  of importance t o  us  are reproduced q u i t e  
w e l l .  
In a physi- 
. 
I n  a model car these  might b e  propor t iohs ,  'shape, and co lor .  The 
c h a r a c t e r i s t i c s  of l i t t l e  o r  no importance are n o t  usua l ly  reproduced a t  
a l l ;  eg,  t h e r e  may be  no motive power and the  tires may not  be  pneumatic. 
The "inbetweens" receive i n d i f f e r e n t  t reatment ,  eg, t h e  windows may be  
t ransparent  and t h e  presence of seats i n s i d e  may b e  inconsequent ia l .  
phys ica l  model is  an  abs t r ac t ing  of something important from t h e  real  
world; i t  is  an imi ta t ion .  
The 
A conceptual  model is analogous t o  a phys ica l  model. Since everything 
i n  the  universe  probably a f f e c t s  everything else t o  some degree, however 
s l i g h t l y ,  any exact  t reatment  would be hopelessly complicated. Therefore 
w e  decide how w e  w i l l  look a t  the  s i t u a t i o n  and make a set of assumptions 
(both e x p l i c i t  and i m p l i c i t )  about what w e  w i l l  ignore and what w e  w i l l  
inc lude  i n  our conceptual model. 
t h a t  are being ignored and t o  make t h e  b lanket  assumption t h a t  everything 
else which is not  e x p l i c i t l y  mentioned i s  a l s o  t o  be  ignored. 
na tu re ,  a conceptual model is incomplete: i t  ignores  some th ings  and 
descr ibes  o the r  th ings  i n  an approximate fashion.  
It is  usua l  t o  state only a few th ings  
By i t s  very 
Af te r  having made a set of assumptions f o r  a conceptual model, w e  
then opera te  on those assumptions wi th  mathematics and log ic ;  w e  analyze 
them by any means a t  our d isposa l .  
cur ren t  r e s u l t s  of t h e  ana lys i s  are our  model. 
cal  impl ica t ions  of a set of assumptions, w e  o f t e n  don't  l i ke  t h e  r e s u l t s  
f o r  one reason o r  another:  
i ncons i s t en t  w i th  our b e l i e f s ,  etc. Under these  circumstances w e  have 
The assumptions toge ther  with t h e  
While developing t h e  logi-  
they don ' t  seem t o  f i t ,  they appear t o  b e  
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two r a t i o n a l  choices:  
1) change our b e l i e f s  about t h e  way t h e  world is, i f  w e  are convinced 
t h a t  t h e  set  of assumptions are very real is t ic ;  and/or 
2) go back and modify t h e  assumptions so  t h a t  t h e i r  l o g i c a l  implica- 
t i o n s  do i n  f a c t  f i t  our b e l i e f s  about t h e  world. 
The c r e a t i o n  of a conceptual model is a c i r c u l a r ,  o f t e n  haphazard, process  
wherein ideas  come from everywhere and g e t  analyzed, t e s t e d ,  compared, 
junked, and accepted. Some good ideas  usua l ly  f i l t e r  through the  process.  
The completely l o g i c a l  s t r u c t u r e  of a conceptual model is developed 
a f t e r  an idea  i s  successfuJ.. 
i t  takes  much ca l cu la t ion  t o  f i n d  out what they are--thus t h e  science of 
s imulat ion.  Sometimes w e  r e f e r  t o  one equat ion o r  curve as t h e  model, b u t  
t h i s  is j u s t  speaking loosely.  
Some of t h e  ramif ica t ions  are s o  complex t h a t  
I f  a model f i t s  t h e  real  world w e l l  enough f o r  our purposes a t  t h e  
moment, i t  i s  an adequate model f o r  t h e  moment. 
on t h e  model and on t h e  world, bu t  on our needs and desires--not t o  mention 
Adequacy depends not  only 
our a b i l i t y  t o  compare the  model with t h e  world. Thus models are no t  r i g h t  
o r  wrong bu t  only more o r  less adequate. 
woefully inadequate f o r  anything t h a t  w e  class them as wrong. 
s o  genera l ly  adequate t h a t  w e  f e e l  they correspond very c l o s e l y  t o  r e a l i t y .  
I n  t h i s  la t ter  case, however, i t  is  important t o  d i s t i n g u i s h  between a 
d e f i n i t i o n  and a model; t h e  reason some "models" do so  w e l l  is  t h a t  they 
are, i n  f a c t ,  d e f i n i t i o n s  of some of t h e  q u a n t i t i t i e s  o r  concepts involved. 
For example, "An unbiased coin t o s s  w i l l  have a 50-50 chance of heads o r  
tai ls" i s  no t  an  a s s e r t i o n  about t h e  world, bu t  a d e f i n i t i o n  of "unbiased 
co in  toss". 
what unbiased co in  to s ses  do, we search f o r  t h e  b i a s  i n  t h e  coin to s s .  
Of course,  some models are s o  
Others are 
I f  i t  doesn ' t  come ou t  50-50, w e  don ' t  change our ideas  about 
WE NEVER ANALYZE THE REAL WORLD, WE CAN ONLY 
ANALYZE A CONCEPTUAL MODEL OF THE REAL WORLD. 
An engineering model is  o f t e n  mathematical i n  na tu re  and t h e  same 
formalism w i l l  descr ibe  several d i f f e r e n t  s i t u a t i o n s .  For example, t he  
equat ions which desc r ibe  resistance-inductance-capacitance networks w i l l  
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a l s o  desc r ibe  mass-spring-dashpot systems. Furthermore, t h e r e  is more 
than one analogy between t h e  two t h a t  can be  made. It is important t o  
keep t h e  d i s t i n c t i o n  between t h e  mathematics i t s e l f  (which i s  q u i t e  genera l ,  
completely impersonal, and always t r u e )  and what w e  have it rep resen t  i n  an  
engineering sense. 
The term probabilist ic-model appears i n  t h e  l i t e r a t u r e  (but  n o t  here) .  
It is  gene ra l ly  a s p e c i a l  case of mathematical model wherein t h e  r e l a t ion -  
sh ips  are between p r o b a b i l i t i e s  o r  between random va r i ab le s .  
The word, theory,  has  not  been used i n  t h i s  s e c t i o n  although some 
people would desc r ibe  a conceptual model as a theory.  While t h e  corre- 
spondence can c e r t a i n l y  be  made t h e r e  i s  more t o  communication of i deas  
than a strict d e f i n i t i o n .  The word, theory,  o f t e n  connotes a t r u e  theory 
and t h e  word, i d e a l ,  is used t o  r e f e r  t o  some aspec t  of a theory.  The 
d i f f i c u l t i e s  are i l l u s t r a t e d  by t h e  phrase,  "It may b e  t r u e  i n  theory,  b u t  
i t ' s  not  true i n  prac t ice ."  The f a c t  t h a t  t h i s  remark is o f t e n  made shows 
t h e  inadequacy of t h e  terms. Most t r a c t a b l e  models are gross  abs t r ac t ions  
from t h e  world. 
i f  they w e r e ,  they would no longer be  t r a c t a b l e .  
t ive  and have u s e f u l  connotations are "simple-minded model" and "moronic 
model". Thus in s t ead  of saying,  "Theoret ical ly ,  b i r d s  can ' t  f ly . "  o r  "I 
have proved t h a t  b i r d s  can ' t  f ly . "  one would say ,  "According t o  my simple- 
minded conceptual model of a b i r d  i t  can ' t  f l y , "  Most of t h e  uses  of t h e  
term " idea l .  e .If are now replaced by lfsimple-minded" o r  "moronic concep- 
t u a l  model". 
motor has p e r f e c t  bear ings ,  p e r f e c t  hea t  conduction, etc. A much b e t t e r  
phrase is  t h a t  a moronic conceptual model f o r  a motor has these  p rope r t i e s .  
* 
They are r a r e l y  very soph i s t i ca t ed  o r  complete because 
Terms which are descrip- 
For example one might have s a i d  t h a t  t h e  i d e a l  electric 
Where t h e r e  i s  l i t t l e  p o s s i b i l i t y  of confusion, t h e  ad jec t ives  
"physical" o r  "conceptual" are dropped and "model" is used by i t s e l f .  
2.2 F a i l u r e  models 
2.2.0 Many f a i l u r e s  can b e  grouped i n t o  simple ca tegor ies .  For 
example, i n  some s i t u a t i o n s  t h e  app l i ca t ion  of a stress does no t  produce 
damage as long as t h e  p a r t  has no t  f a i l e d  whi le  i n  o the r s  t h e  app l i ca t ion  
of a 'stress' produces damage cumulatively with t i m e ,  and t h e  damage 
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remains, even a f t e r  t h e  'stress' is  removed. Obviously not  a l l  f a i l u r e s  can 
b e  uniquely c l a s s i f i e d  i n t o  simple ca t egor i e s ,  bu t  t h e i r  u se  he lps  t o  organ- 
i z e  the  ideas  and thus make them easier t o  use. 
2 .2 .1  Simple s t r e s s - s t r eng th  model f o r  f a i l u r e  
The simple s t r e s s - s t r eng th  model f o r  f a i l u r e  is pa t te rned  
a f t e r  t h e  f a i l u r e  of s t r u c t u r a l  metals i n  u n i a x i a l  tension. There is  a 
va lue  of stress c a l l e d  the  s t r e n g t h  such t h a t  t h e r e  is  f a i l u r e  i f  and only 
i f  t h e  instantaneous stress1 exceeds t h e  s t r eng th .  
t h e  s t r e n g t h  i s  appl ied  and removed, no damage i s  done and t h e  s t r e n g t h  
remains t h e  same. The gene ra l  model is: t h e r e  e x i s t  a scalar (S ) ,  which 
can only depend r eve r s ib ly  on t h e  environment of t he  p a r t ,  and t h e  value 
(S*) of t h a t  scalar such t h a t  t he  p a r t  f a i l s  i f  and only i f  S > S*; S* is 
then t h e  s t r eng th .  
damage less than f a i l u r e  has no meaning. 
There are not many examples of t h i s  model i n  e l e c t r o n i c s .  
I f  a stress less than 
I 
Values of S < S* do no damage t o  t h e  p a r t ;  i n  f a c t  
The 
vo l t age  breakdown of semiconductors is one, and some claim t h a t  very s h o r t  
term breakdown of capac i to r s  is  another. Most of t he  o the r s  involve cumu- 
l a t i v e  damage. 
This model of f a i l u r e  i s  not o r d i n a r i l y  concerned wi th  acce lera ted  
t e s t i n g  although some people  inc lude  i t  i n  t h e i r  test-to-f a i l u r e  c l a s s i -  
f i c a t i o n .  For example, i n s t ead  of j u s t  t e s t i n g  t o  t h e  working-stress o r  
t o  a proof-s t ress  one a c t u a l l y  measures t h e  s t r e n g t h  of t h e  p a r t  and 
thereby g e t s  more information. 
2.2.2 Simple damage-endurance model f o r  f a i l u r e  
The terms stress and s t r e n g t h  are not used i n  t h i s  s e c t i o n  
s i n c e  they are commonly assoc ia ted  wi th  t h e  simple s t r e s s - s t r eng th  model 
described above. 
t h a t  t h e  app l i ca t ion  of a damager causes cumulative damage i n  some way and 
t h a t  some of t h e  endurance of t h e  p a r t  has been consumed even i f  f a i l u r e  
does not occur. 
damaging e f f e c t  is  not  r e v e r s i b l e  i n  t h e  ordinary sense  (although 
The s i m p l e  damage-endurance model f o r  f a i l u r e  asserts 
When t h e  damager is  removed t h e  damage i s  no t  undone; t h e  
The word, stress, i n  t h i s  t e x t  is  not used t o  cover t h e  s i t u a t i o n  
wherein cumulative damage occurs;  t he re fo re  stress is synonymous with 
ins tan taneous-s t ress  and w i l l  be  used in s t ead  because i t  is  shor t e r .  
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negative-damage can be  done and is  o f t e n  c a l l e d  annealing).  
a l b e i t  simple-minded model, f o r  cumulative damage can be e s t ab l i shed :  
t h e r e  e x i s t  a scalar (D), which depends on the  set of damagers and on t h e i r  
behavior over time, and a va lue  (E) of t h a t  scalar c a l l e d  the  endurance 
such t h a t  f a i l u r e  occurs i f  and only i f  D 7 E. 
know how t o  express D and E. A very common procedure is t o  g i v e  t h e  va lue  
1 t o  t h e  median endurance and t o  desc r ibe  t h e  damage D as t h e  f r a c t i o n  of 
median l i f e  t h a t  has been consumed. 
A gene ra l ,  
It i s  o f t e n  d i f f i c u l t  t o  
Unfortunately D o r  E-D is v i r t u a l l y  impossible t o  measure. There are 
two simple-minded ways of es t imat ing  it: 
1) Find a f a i l u r e  mode which f i t s  t h e  simple s t r e s s - s t r eng th  
f a i l u r e  model and measure t h e  s t r eng th .  O r  
2) Continue applying t h e  damager u n t i l  f a i l u r e  occurs. The amount 
of t i m e  t o  cause f a i l u r e  taken by a p a r t i c u l a r  damager level is  
then a measure of E-D. 
Unfortunately t h e r e  is no guarantee t h a t  high va lues  of s t r e n g t h  i n  111 
correspond uniquely t o  high va lues  of E-D i n  #2. 
This s i m p l e  damage-endurance model i s  t h e  one most of t e n  assumed i n  
acce lera ted  t e s t i n g .  So i n  t h i s  r e p o r t  t h e  words, damager, damager l e v e l ,  
o r  s e v e r i t y  l e v e l ,  w i l l  be  used as appropr i a t e  r a t h e r  than stress, i n  order 
t o  d i s t i n g u i s h  e a s i l y  between these  two s i m p l e  models f o r  f a i l u r e  r a t h e r  
than t o  confuse them as is  so r e a d i l y  and o f t e n  done. 
2.2.3 Strength degradation f a i l u r e  model 
A f a i l u r e  model found occas iona l ly  i n  t h e  l i t e r a t u r e  
combines t h e  s t r e s s - s t r eng th  and t h e  damage-endurance concepts. The e f f e c t  
of a damager is  considered t o  be  the reduction of s t r e n g t h  f o r  a simple 
s t r e s s - s t r eng th  model. I n  some cases  t h e  damager which causes t h e  reduct ion  
i n  s t r e n g t h  is  t h e  same as t h e  stress which w i l l  cause f a i l u r e  when the  
stress exceeds t h e  s t r eng th .  
fo re ign  t o  t h e  stress. 
o r  electro-mechanical f i e l d s ,  where these  concepts are b e t t e r  e s t ab l i shed  
than i n  e l e c t r o n i c s .  
I n  o t h e r  cases t h e  damager is completely 
Examples are easier t o  v i s u a l i z e  i n  t h e  mechanical 
Consider a steel bar .  L e t  t h e  stress f o r  t h e  s imple  s t r e s s - s t r eng th  
model be t e n s i l e  stress and t h e  s t r e n g t h  be  t h e  u l t ima te  t e n s i l e  s t r eng th .  
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I f  t h e  damager is  a f a t i g u e  stress, f o r  example, i t  w i l l  be  of t h e  same kind 
as t h e  stress t h a t  is  going t o  cause f a i l u r e .  On t h e  o the r  hand, i f  t h e  
damager were a cor ros ive  environment, t he  damager would be  completely 
unl ike  the  stress t h a t  is  going t o  cause f a i l u r e .  
2.2.4 Hazard rates and damage 
One cannot d i scuss  t h e  r e l a t ionsh ip  of damage and hazard 
rate’ without  some knowledge of t h e  environment. 
s e v e r i t y  is  constant  wi th  t i m e  and i f  damagers are present ,  t he  element w i l l  
probably eventua l ly  f a i l  due t o  those  damagers3. 
is  genera l ly  a random v a r i a b l e  s i n c e  not  enough information is a v a i l a b l e  t o  
desc r ibe  it accura te ly .  
environmental s e v e r i t y ,  damage is done as t i m e  goes by; t he re fo re  a used 
element is no t  as good as it w a s  i t s e l f  when new. 
t h e  l i f e  of t h e  ind iv idua l  element, t h e  d i s t r i b u t i o n  of element l ives can be  
such t h a t  any element known t o  be  good is  as l i k e l y  t o  l as t  as long as any 
o the r  element known t o  be  good whether new o r  not .  
decreasing continuously w e  have t h e  apparent anomaly t h a t ,  even though t h e  
element i t s e l f  i s  being degraded, as long as it has no t  f a i l e d  it i s  more 
l i k e l y  t o  last  longer than one which has not  been operated.  The explanat ion 
of course is t h a t  w e  do not  know what the s t a r t i n g  endurance of each element 
is. I f  w e  d i d ,  t h e  endurance would no longer b e  a random v a r i a b l e  and w e  
would know t h e  l i f e  of each one t o  begin with.  
func t ion  would be  e i t h e r  0 o r  1 and t h e  hazard rate would b e  a sp ike  a t  
t h e  changeover. This i l l u s t r a t e s  t h e  d i f f e rence  between 1) considering an 
ind iv idua l  element and 2) making p robab i l i t y  s ta tements  which, even though 
made about an  ind iv idua l  element, are e f f e c t i v e l y  relative frequency 
observat ions about t h e  populat ion t o  which t h e  p a r t  belongs (they could 
a l s o  b e  i n t e r p r e t e d  as sub jec t ive  p robab i l i t y ) .  
I f  t h e  environmental 
The endurance of an  element 
For a cons tan t  hazard rate process  with constant  
But s i n c e  w e  do no t  know 
I f  t h e  hazard rate is 
Then the  cumulative hazard 
N a m e s ,  d e f i n i t i o n s ,  and i l l u s t r a t i o n s  r e l a t e d  t o  r e l i a b i l i t y  and hazard 
rate a r e  given i n  Appendix A .  
d iscussed i n  Appendix B. 
Graphical es t imat ion  of hazard rate i s  
I n  metal f a t i g u e  t h e  presence of a damager does not  always cause f a i l u r e .  
I n  var ious  materials, eg, steel ,  t h e r e  is  a f a t i g u e  l i m i t  below which a 
c y c l i c  stress w i l l  not  cause f a i l u r e .  
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2 . 3  System state 
The state of a system is  not uniquely def ined  f o r  a phys ica l  
system; i t  is defined only f o r  a conceptual model of t h e  system. 
d e t a i l e d  s p e c i f i c a t i o n  of t h e  system state w i l l  vary wi th  our needs and 
d e s i r e s  and wi th  t h e  requi red  t r a c t a b i l i t y  of t h e  r e s u l t i n g  equations.  
The state of a system w i l l  o r d i n a r i l y  have several dimensions (components); 
s o  i t  can be  c lassed  as a vec tor .  For example, consider a r e s i s t o r .  I f  
we are concerned only about i t s  r e s i s t a n c e  and nothing else, then t h e  state 
of t h e  system w i l l  be given by t h e  r e s i s t a n c e  of t h e  device (or  something 
equiva len t  t h e r e t o  such as a r a t i o  of t h e  r e s i s t a n c e  t o  an i n i t i a l  resis- 
tance).  On t h e  o the r  hand, w e  may be concerned about t he  r e s i s t a n c e ,  t h e  
temperature c o e f f i c i e n t  of r e s i s t a n c e ,  t h e  vo l t age  c o e f f i c i e n t  of resis- 
tance,  and t h e  chemical composition of t h e  r e s i s t i v e  material. Then t h e r e  
w i l l  be s e v e r a l  dimensions f o r  t h e  system s ta te ,  and two states w i l l  no t  
be  t h e  same unless  a l l  corresponding dimensions are pair-wise the  same. 
The 
L e s t  one be  concerned t h a t  a s soc ia t ing  a system state only with a 
system model r a t h e r  than wi th  t h e  system i t s e l f  i s  too sloppy, an analogy 
can be  made t o  thermodynamics. 
of a system depending on what is of concern. The entropy is not defined 
f o r  t h e  system i t s e l f  bu t  only wi th  regard t o  a p a r t i c u l a r  thermodynamic 
model of t h a t  system. 
There can be many thermodynamic models 
The s ta te  is usua l ly  denoted by a vec to r ,  eg, 5. 
2.4 True acce le ra t ion  
Several d e f i n i t i o n s 4  f o r  t r u e  acce le ra t ion  appear i n  t h e  litera- 
t u r e ,  some of which are not  very e x p l i c i t .  
t rue-acce lera t ion  wi th  behavior over time. The one given below i s  chosen 
f o r  i ts  g e n e r a l i t y  and a p p l i c a b i l i t y .  Note w e l l ,  however, t h a t  accelera- 
Most engineers a s s o c i a t e  
t i o n  need not be t r u e  t o  be  u s e f u l  even though unt rue  acce le ra t ion  is  more 
d i f f i c u l t  t o  analyze,  even q u a l i t a t i v e l y .  
One very poor choice is  t o  assert t h a t  a c c e l e r a t i o n  is t r u e  i f  and 
only i f  i t  follows the  Arrhenius equation. Another poor choice i s  t o  
a s s o c i a t e  i t  with t h e  cons tan t  hazard rate. 
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Accelerat ion is t r u e  i f  and only i f  t h e  system, under t h e  acce le ra t ed  
condi t ions  , passes reasonably5 through equiva len t6  states and i n  t h e  same 
order  i t  d id  a t  t h e  usua l  conditions.  
under usua l  condi t ions  and l e t  - G(t) be  t h e  equiva len t  state of t h e  system 
under acce le ra t ed  damagers (s is not t he  state a t  t h e  acce le ra t ed  condi t ions  
bu t  i s  the  s ta te  a f t e r  being transformed r eve r s ib ly  down t o  t h e  usua l  con- 
d i t i o n s ) .  Then t h e r e  i s  t r u e  acce le ra t ion  i f  and only i f  
L e t g ( t )  be t h e  state of t he  system 
1 )  g t )  g ( - c [ t l > ;  
2) ~ ( t )  i s  a monotonically7 increas ing  func t ion  of t h e  argument; 
3) g(0) = g ( 0 ) ;  and 
4 )  T ( 0 )  = 08 
The acce le ra t ion  f a c t o r  (A) is  defined as A(t)  5 T ( t ) / t .  An incremental  
acce le ra t ion  f a c t o r  may be  defined as i ( t )  5 d. r ( t ) /d t .  True acce le ra t ion  
The word "reasonably" is  necessary because the  needs and d e s i r e s  of 
t h e  s i t u a t i o n  may be d i f f e r e n t  from t i m e  t o  t i m e ,  and as engineers,  i f  
th ings  are c l o s e  enough f o r  t he  purposes a t  hand, t h e r e  is no need t o  worry 
about t h e  d iscrepancies  as f a r  as these  purposes are concerned. 
Two states of a system are equiva len t  i f  and only i f  one can be 
r eve r s ib ly  transformed i n t o  the  o ther  by changing t h e  environment. For 
example, a r e s i s t o r  a t  a higher temperature might never have the  same 
r e s i s t a n c e  i t  would a t  a lower temperature, s o l e l y  because of i t s  tempera- 
t u r e  c o e f f i c i e n t .  This is  i l l u s t r a t e d  i n  t h e  f igu re .  
For those who th ink  t h e  term is ambiguous, monotonic is used he re  i n  
t h e  s t r i c t  sense,  v i z ,  s tay ing  cons tan t  i s  not allowed. 
I f  g and g have a one-to-one correspondence wi th  t h e  argument ( the  
r e c i p r o c a l  func t ion  e x i s t s ) ,  t h i s  is a l o g i c a l  consequence of #1 and 83. 
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is i l l u s t r a t e d  i n  t h e  f i g u r e  f o r  a state vec to r  wi th  a s i n g l e  dimension-- 
r e s i s t a n c e  r a t i o  of a r e s i s t o r .  
1 
b t 
G(t)  = 1 + 60 a t ,  
T( t )  = 6 t ;  A = 6, = 6 .  
g ( t )  = 1 + 10 a t ,  ( a  i s  some cons tan t )  
It is  of course n i c e  i f  A( t )  i s  a constant  with r e spec t  t o  time as i n  t h e  
f i g u r e  and depends i n  some q u i t e  t r a c t a b l e  way on t h e  s e v e r i t y  l e v e l .  
E s t i m a t e s  of an  acce le ra t ion  f a c t o r  w i l l  depend on t h e  s ta t is t ical  
procedures used t o  a r r i v e  a t  them. 
It is important t o  recognize t h e  a r b i t r a r i n e s s  of t h e  d e f i n i t i o n  
e spec ia l ly  as regards t h e  word, reasonably.  I n  order  t o  have t r u e  accele- 
r a t i o n  i t  i s  only necessary t h a t  t h e  th ings  i n  which we are immediately 
i n t e r e s t e d  b e  c l o s e  enough under the  two sets of condi t ions.  
no t  a l l  f a i l u r e  modes and mechanisms need be i d e n t i c a l  down t o  t h e  last 
e l ec t ron  o r b i t a l .  
To be s p e c i f i c ,  
Generally t h e  phys ica l  condi t ion  of t he  device w i l l  be  included i n  
t h e  system s ta te  e i t h e r  e x p l i c i t l y  o r  i m p l i c i t l y  i n  s u f f i c i e n t  d e t a i l  t o  
permit judgments t o  be  made about i t s  design and cons t ruc t ion  r e l a t i v e  t o  
t h e  f a i l u r e  modes and mechanisms. 
2.5 S t r e s s ,  damager, s e v e r i t y  
Many gene ra l  words have been preempted by some segment of 
engineering t o  have s p e c i f i c  t echn ica l  meanings. So i t  i s  sometimes d i f f i c u l t  
t o  f i n d  good ones f o r  a gene ra l  purpose. R e l i a b i l i t y  is one of t h e  foremost 
11 
examples of a once genera l  word which has been set a s i d e  t o  have a very 
s p e c i f i c  meaning. 
The word, damager, is used i n  t h i s  r epor t  when the amount of t i m e  
t h e  system is  exposed t o  the  damager is important. 
The word, s e v e r i t y ,  and phrase,  s e v e r i t y  l e v e l ,  are meant t o  b e  very 
genera l ;  n e i t h e r  is  used here  i n  a s p e c i f i c  sense.  
l e v e l  t he  more damage is  l i k e l y  t o  be done t o  a system i n  a given t i m e  o r  
t h e  more l i k e l y  i t  is t o  f a i l .  
c u l a r  set of stresses and damagers produces a higher  s e v e r i t y  l e v e l  i s  t o  
know whether i n  f a c t  t h e  system is more l i k e l y  t o  f a i l  o r  is being damaged 
a t  a g r e a t e r  rate. 
where increas ing  t h e  vol tage  o r  t he  cu r ren t  being c a r r i e d  may a c t u a l l y  improve 
the  performance. Y e t  vo l t age  and cu r ren t  are o r d i n a r i l y  considered t o  be  
damagers; s o  t h a t  increasing the  damager l e v e l  does not  always increase  the  
s e v e r i t y  l eve l .  There a l s o  are s i t u a t i o n s  wherein increas ing  the  temperature 
w i l l  improve t h e  l i f e  of t h e  equipment, e spec ia l ly  i f  by so  doing i t  i s  
genera l ly  kept  d r i e r .  
The higher  the  s e v e r i t y  
The only way of knowing whether a p a r t i -  
There are circumstances, electrical contac ts  f o r  example, 
The l i t e r a t u r e  does not  o f t e n  d i s t ingu i sh  between a stress and a 
damager i n  t h i s  way, therefore  t h e  word 'stress' when it is used i n  the  
sense of damager w i l l  appear i n  s i n g l e  quota t ion  marks. The word stress 
is s o  ingrained i n  much of t he  l i t e r a t u r e  t h a t  a t  t i m e s  i t  would be discon- 
c e r t i n g  t o  the  reader  t o  use  the  word damager i n  i ts  place.  For example, 
i n  s t e p - ' s t r e s s '  t e s t i n g .  
2 . 6  F a i l u r e  modes and mechanisms 
A d i s t i n c t i o n  i s  o f t e n  made i n  t h e  l i t e r a t u r e  between a f a i l u r e  
mode and a f a i l u r e  mechanism. F a i l u r e  modes are the  ways i n  which the  
element f a i l s ;  t he  mechanism is  t h e  thing respons ib le  i n  t h e  element f o r  
t h e  f a i l u r e ;  bu t  t hese  are relative terms. For example, t h e  f a i l u r e  mode 
f o r  a computer may be  some kind of i nco r rec t  ca l cu la t ion  and t h e  f a i l u r e  
mechanism may be l o s s  of memory. To the  memory manufacturer, t he  f a i l u r e  
mode would be  the  way the  memory f a i l e d  and t h e  mechanism could be  a core- 
d r i v e r  f a i l u r e .  To the  maker of core-drivers,  t he  f a i l u r e  mechanism 
might be  a transistor-open. To t h e  t r a n s i s t o r  manufacturer t he  mechanism 
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might b e  f a i l u r e  of t h e  aluminum m e t a l l i z a t i o n  pads, and s o  on down t h e  
l i n e .  
There is  a good analogy h e r e  between s t r a t e g y  and tactics. F a i l u r e  
modes correspond t o  s t r a t e g y ,  f a i l u r e  mechanisms t o  tactics; t h e  Colonel 's  
tact ics  may w e l l  be  t h e  Lieu tenant ' s  s t r a t egy .  
f a i l u r e  modes and f a i l u r e  mechanisms is  sometimes worthwhile, i t  cannot be  
made i n  an absolu te  sense.  
While t h e  d i s t i n c t i o n  between 
2.7 Wear out  
There i s  some confusion i n  the  l i t e r a t u r e  about the  meaning of 
"wear out". The t e r m  der ives  from mechanical wear which is  o f t e n  represented 
by a Gaussian d i s t r i b u t i o n  (usual ly  the re  i s  a t i m e  t ransformation) .  The 
f a i l u r e  ra te  of the Gaussian d i s t r i b u t i o n  has the  t r a d i t i o n a l  bell-shaped 
curve,  but the  hazard ra te  of the Gaussian d i s t r i b u t i o n  is continuously 
increas ing .  I n  the  so-cal led bathtub curve the  hazard rate decreases  a t  
f i r s t ,  then s t a y s  cons tan t ,  then increases  ( those curves which show the  b e l l  
shape a t  the  end of the bathtub curve confuse f a i l u r e  ra te  wi th  hazard r a t e ) .  
An example of a decreasing hazard rate i s  given by a Weibull d i s t r i b u t i o n  
with shape parameter less than 1. The only cons tan t  hazard rate func t ion  is 
the  exponent ia l .  Examples of increas ing  hazard ra te  funct ions a r e  the  
Gaussian and Weibull with a shape parameter g r e a t e r  than 1. The only 
l eg i t ima te  d e f i n i t i o n  of "wear out" t h a t  can be made i n  analogy t o  mechanical 
wear i s  t h a t  t he  hazard rate has begun t o  inc rease  appreciably.  
d e f i n i t i o n  w i l l  lead t o  se r ious  conceptual d i f f i c u l t i e s  i f  n o t  l o g i c a l  
cont rad ic t ions .  
Any o the r  
1 3  
3, Programming the  s e v e r i t y  levels 
3.0 The most f a m i l i a r  ways of programming t h e  s e v e r i t y  levels are 
c o n s t a n t - ' s t r e s s '  and s t e p - ' s t r e s s ' .  
t h e  t e r m  seve r i ty - l eve l  i s  q u i t e  general. 
a cons tan t  va lue  of a p a r t i c u l a r  environmental f a c t o r  bu t  may involve 
r a p i d l y  changing amplitudes of va r ious  f a c t o r s  according t o  a prescr ibed  
pa t t e rn .  A t  a given s e v e r i t y  level the  d i s t r i b u t i o n s  involved would be 
s t a t i o n a r y ,  ie ,  the parameters used t o  desc r ibe  the  va r ious  d i s t r i b u t i o n s  
(whether of amplitudes, duty cyc le s ,  etc.) would be the  s a m e  i r r e s p e c t i v e  
of t h e  p a r t i c u l a r  t i m e  a t  which they were measured. 
must be s h o r t  compared t o  t h e  f a i l u r e  t i m e .  For example, one s e v e r i t y  
level f o r  an environmental check might b e  t r a n s f e r  every 10 seconds from 
i c e  water  (OOC) t o  hot  water (95OC), where l i f e  i s  expected t o  be s e v e r a l  
hundreds of cycles.  
i n  t he  same per iod from a d ry - i ce  a lcohol  mixture (-80 C) t o  a hot l i q u i d  
b a t h  (15OOC) where again l i f e  i s  expected t o  be a t  l e a s t  several hundred 
cyc les ,  bu t  s h o r t e r  than f o r  the f i r s t  test. 
It  should be emphasized here  t h a t  
It does not  n e c e s s a r i l y  imply 
The averaging t i m e  
An inc rease  i n  s e v e r i t y  level might be the a l t e r n a t i o n  
0 
Increas ing  the  s e v e r i t y  level on any of these tests means increas ing  
the amplitudes, duty cyc les ,  e t c .  of t he  f a c t o r s  involved i n  the s e v e r i t y  
l e v e l  so t h a t  t he  i t e m  i s  more l i k e l y  t o  f a i l .  It should be remembered 
t h a t  s e v e r i t y  level i s  i n  genera l  a multi-dimensional (-component) quan t i ty  
( a  vector ) .  
high temperature, and low voltage.  Offhand i t  would be  d i f f i c u l t  t o  
know what a simultaneous decrease  i n  vol tage ,  i nc rease  i n  temperature, and 
decrease  i n  v i b r a t i o n a l  level would do t o  t h e  s e v e r i t y  level without 
a c t u a l l y  running the experiment. Presumably before  any comprehensive tests 
a r e  planned, such d e t a i l s  w i l l  have been worked out. 
Consider f o r  example a s e v e r i t y  level composed of v ib ra t ion ,  
The s t a t i s t i c a l  design of the tests i s  important, although it i s  usua l ly  
not  complicated. 
cep tua l  model of t he  f a i l u r e  behavior must be created.  
have f a i r l y  s tandard  p a r t s  and assumptions -- adapted from those used o f t e n  
by s t a t i s t i c i a n s .  This i s  f i n e  as long as they don't  do too much v io lence  
to  the engineer ' s  i deas  of  what w i l l  o r  won't happen. 
Before any s ta t is t ical  des ign  can be e f f ec t ed ,  a con- 
The model w i l l  u sua l ly  
It he lps  i f  the 
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a n a l y s i s  accuracy does no t  r equ i r e  abso lu t e  adherence t o  the  model, bu t  
r a t h e r  allows p l en ty  of leeway. 
r e s p o n s i b i l i t y  i n  t h i s  area t o  a s t a t i s t i c i a n .  H e  should use t h e  stat- 
i s t i c i a n  as a consul tan t  so t h a t ' t h e  outcome of t he  test can b e s t  serve 
the  engineer ' s  own needs. 
p o s s i b l e  t o  the s t a t i s t i c i a n  and must make h i s  own compromises between 
t r a c t a b i l i t y  of a n a l y s i s  and simple mindedness of t h e  assumptions on 
which t h a t  a n a l y s i s  is  based. 
The engineer must no t  abd ica t e  h i s  
He  must make h i s  own needs as e x p l i c i t  as 
3.1 Cons tan t - ' s t ress '  level 
This is  the t r a d i t i o n a l  type of test  wherein the  s e v e r i t y  level 
remains cons tan t  throughout the l i f e  of the items on test. Severa l  i t e m s  
are u s u a l l y  pu t  on test a t  the  s a m e  s e v e r i t y  level simultaneously and t h e  
test  stopped when some f r a c t i o n  of t he  o r i g i n a l  sample has f a i l e d .  For 
r e l i a b i l i t y  p r e d i c t i o n  purposes t h e  e a r l y  f r a c t i o n  t h a t  f a i l s  is  most 
important because only t h e  sho r t - l i ved  i t e m s  are going to  s e r i o u s l y  a f f e c t  
t he  r e l i a b i l i t y .  For engineer ing improvement purposes the f r a c t i o n  t h a t  
i s  very  long-lived may be important as an example of a cons t ruc t ion  which 
d id  i n  f a c t  prove q u i t e  r e l i a b l e .  
It i s  customary t o  run tests a t  s e v e r a l  s e v e r i t y  levels and t o  p l o t  
a curve (showing some measure of goodness vs the  measure of s e v e r i t y  level) 
which is f a i r e d  through t h e  r e s u l t i n g  poin ts .  The measure of goodness may 
be f a i l u r e  rate, t i m e  t o  f a i l u r e ,  etc. The measure of s e v e r i t y  level 
where the re  i s  only one dimension i s  usua l ly  easy; some func t ion  of the 
parameter used to  desc r ibe  t h a t  dimension i s  p l o t t e d ,  A s  i s  t r a d i t i o n a l  
wi th  engineering, one hopes to  choose the  coordinate axes so t h a t  t he  
damager vs goodness l i n e  i s  predic ted  t o  be  s t r a i g h t ,  The same th ing  can 
be done where more than one dimension of t he  s e v e r i t y  level e x i s t s  bu t  
only one damager i s  being changed. 
changed, then i t  i s  up t o  the engineer t o  e i t h e r  
I f  mre than one damager i s  being 
1) f i n d  some scalar which w i l l  measure the  o v e r a l l  s e v e r i t y  level; o r  
2 )  p l o t  each one of t h e  dimensions of t he  s e v e r i t y  level. This immedi- 
a t e l y  c r e a t e s  a problem f o r  graphica l  p re sen ta t ion  b u t  t he  a n a l y t i c  
cont inua t ions  can e a s i l y  be  w r i t t e n  down i n  t h e i r  gene ra l i t y .  
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Most t h e o r i e s  of cumulative damage have c o n s t a n t - ' s t r e s s '  tests as 
t h e i r  reference.  
A s  an example, cons ider  t he  capac i to r  l i f e  tests descr ibed i n  
#L-078, --- , f ixed  vo l t age  (400 Vdc) wi th  temperature as the  'stress'.' 
No. of  capac i to r s  a t  each s e v e r i t y  level: 100 
No. of s e v e r i t y  levels: 4 
Fixed ca lendar  t i m e  f o r  each level: 2688 hr 
T e s t  Resul t s  
0 









The re ferences  g ive  no ana lys i s ,  only t h e  data .  Therefore, f o r  t h e  
model, suppose t h a t  t he  hazard rate is a cons tan t  a t  each temperature and 
t h a t  i t  follows t h e  Arrhenius equat ion as a func t ion  of temperature .  This 
is t h e  s i t u a t i o n  analyzed i n  Appendix C. 
method of ana lys i s  t h a t  w e  hope doesn ' t  do too much v io lence  to  r e a l i t y .  
The r e s u l t s  are given below. 
We have picked an a v a i l a b l e  
Estimated 
Poin t  S t andar d Range f o r  5 2  
E s t i m a t e  Deviation Std. Dev. Units 
Act iva t ion  energy 0.363 0.133 0.096 c-f 0.620 e V  
Ln (hazard rate a t  
Hazard rate a t  25°C 0.633 - . 4.0 .04 f--f 10 1/106 h r  
25OC) -14.272 1.380 -11.512 +-f -17.032 - 
X 
'The complete test w a s  a mat r ix  test f o r  both vo l t age  and temperature. 
subse t  of t h a t  experiment is discussed here. 
l i s t  a t  the  back of t h i s  r epor t .  
A 
For t h e  #L numbers, see t h e  
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It i s  obvious t h a t  t h e  u n c e r t a i n t i e s  i n  t h e  r e su l t s  are much g r e a t e r  
than are o r d i n a r i l y  assumed. Furthermore, t hese  are the  u n c e r t a i n t i e s  
which were ca l cu la t ed  assuming t h a t  t he  model w a s  accurate.  
no t  d e a l  a t  a l l  wi th  the  p o s s i b i l i t y  t h a t  t h e  hazard rate is  not cons tan t  
wi th  t i m e ,  nor  w i th  t h e  p o s s i b i l i t y  of non-Arrhenius behavior of t h e  
hazard rate. But, given only t h e  information w e  have, i t  would be  
v i r t u a l l y  impossible to  do any b e t t e r .  
It does 
The important des ign  cons idera t ions  are f i x i n g  t h e  following i t e m s :  
1) Number of s e v e r i t y  levels, 
2) Spacing of t h e  s e v e r i t y  levels, 
3)  Criteria f o r  stopping the  test, 
4 )  Number of specimens a t  each level, 
5)  Kinds of s e v e r i t y  levels 
a) Time behavior of damagers 
b )  Number of damagers 
6) Seve r i ty  of each level 
a) Level of each damager 
b )  Use of a scalar o r  vec to r  t o  desc r ibe  
the level. 
This w i l l  u s u a l l y  b e  l a r g e l y  determined by the  resources  a t  hand r a t h e r  
than the  des i r ed  accuracy of r e s u l t s ,  
ou t  of resources  long before  he achieves the  accuracy he would have l i ked  
This i s  so because one u s u a l l y  runs 
and thought he "needed." When t h i s  i s  not  t h e  case,  a model must be 
assumed i n  order  t o  g e t  optimum values  f o r  any of t h e  above,, The c r i t e r i a  
f o r  op t ima l i ty  w i l l  depend on t h e  choice of model and the  kind of informa- 
t i o n  needed. 
the t radeoff  dec is ions .  
A good s t a t i s t i c i a n  w i l l  be inva luable  i n  he lp ing  to  make 
3.2 S t e p - ' s t r e s s '  
The term s t e p - ' s t r e s s '  as used i n  the l i t e r a t u r e  is ambiguous. 
It i s  convenient t o  c l a s s i f y  s t e p - ' s t r e s s i n g '  i n t o  t h r e e  ca tegor ies :  
l a rge ,  medium and small s t e p s  of damager. 
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Large steps--the steps are presumed high enough and long enough so 




is the - time to - Failure on the Failure step. F 
eq 
is the xuivalent Lime it would have taken on the 
Failure step to accumulate the damage that was 
actually accumulated at all the lower steps. 
Failure step is the severity level at which failure 
occurs (it may be different for different 
specimens)., 
An easier but less specific statement is that the cumulative damage up to 
the last step is negligible. 
Small steps--in this case the steps are small enought so that in the 
analysis one can presume with negligible error that the severity level is 
steadily increasing, This is then just the progressive-'stress' case 
(Sec. 3.3) ,  
Medium steps--the assumptions for neither small nor large steps are 
valid, 
but the steps are not small enough that the severity level can be considered 
continuously increasing. 
The cumulative damage at previous steps must be taken into account 
In order to be able to refer reasonably to these three cases the 
following terminology is used: 
and small/step-'stress'., 
relative to the kind of analysis that must be performed, 
large/step-'stress', medium/step-'stress', 
The size designations are not absolute but are 
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Large / s t ep - ' s t r e s s '  tests are analyzed as i f  they  w e r e  cons tan t -  
stress' tests being run a t  t h e  s e v e r i t y  level of t he  F a i l u r e  s tep.  
P a r t s  which are very expensive o r  otherwise d i f f i c u l t  to  acqu i r e  o r  
test  are o f t e n  t r e a t e d  i n  t h i s  way. Often a sample of on ly  one i s  
used. It i s  w i s e  t o  consider the r e s u l t s  as b a l l p a r k  f i g u r e s  s i n c e  
the necessary assumption of n e g l i g i b i l i t y  of previous s t e p s  i s  l i k e l y  
I 
t o  b e  i n  e r r o r .  
be followed by a more comprehensive set of tests later, 
Prel iminary tests are very  o f t e n  run i n  t h i s  way t o  
Smal l / s t ep - ' s t r e s s ing '  i s  analyzed t h e  same as p rogres s ive - ' s t r e s s -  
i ng ' ,  and i n  f a c t  by d e f i n i t i o n  the re  i s  r e a l l y  no d i s t i n c t i o n  between 
them. 
i n  small bu t  nonzero increments o r  rises smoothly i s  a matter of reso lu-  
t i o n  of measuring instruments o r  of p e n c i l  l i n e s  on graph paper. 
many cases  t h e r e  w i l l  be a l a rge  economic advantage t o  choosing e i t h e r  
very small s t e p  increments o r  a nominally cont inuously increas ing  pro- 
cedure, 
a s tepping  switch might be  used wi th  a vo l t age  d i v i d e r ;  otherwise a 
slow motor might be used to  tu rn  a mul t i - tu rn  potentiometer,  
Whether i n  a c t u a l  p r a c t i c e  t h e  va lue  of a s e v e r i t y  l e v e l  jumps 
I n  
A s  an example, i f  extremely accu ra t e  vo l t age  s t e p s  are des i red ,  
The only  d i f f e rence  i n  a n a l y s i s  between medium/step-'stressing' and 
p rogres s ive - ' s t r e s s ing '  i s  t h e  summation s i g n ' s  being requi red  i n  t h e  
former and an i n t e g r a l  s i g n  i n  the  lat ter,  Caution may c a l l  f o r  increas-  
i ng  the measure of s e v e r i t y  level i n  such a way t h a t  t h i s  summation o r  
i n t e g r a t i o n  i s  very t r a c t a b l e .  Discre t ion  is o f t e n  the b e t t e r  p a r t  of 
va lo r  and a s h o r t  per iod  of forethought and p repa ra t ion  may overwhelmingly 
pay f o r  i t s e l f  by rep lac ing  the need f o r  a complicated d i g i t a l  computer 
a n a l y s i s  wi th  one which can be  done by hand via the  eva lua t ion  of a simple 
equation. A s  an example, consider a s i t u a t i o n  wherein the  Arrhenius equa- 
t i o n  i s  presumed, temperature is  being increased ,  and l i n e a r  cumulative 
damage is  assumed. 
t i o n  w i l l  be  i n t r a c t a b l e ;  i f  1 / T  is  increased  l i n e a r l y  t h e  equations are 
t r a c t a b l e ;  f u r t h e r ,  i f  exp (- E) i s  increased  l i n e a r l y  t h e  ana lys i s  may 
be even more t r a c t a b l e .  
I f  temperature i t s e l f  is increased  l i n e a r l y 2 ,  t h e  summa- 
E 
Continuously o r  i n  equal s teps .  For d e t a i l s  of t h e  reasoning, see 
Appendix D. 
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Before medium/step-'stress' or small/step-'stress' tests can be 
compared with constant-'stress' tests some theory of cumulative damage 
must be assumed. 
many such theories of cumulative damage, but there are not many in 
electronics. 
doubt, chicken out--and they use the simple linear theory, This 
linear theory is discussed in Sec, 3 . 6 ,  
For some kinds of elements the maximum useful severity level will 
In the area of metal fatigue for example there are 
Most engineers have used the old rule of thumb--when in 
be exceeded before the device fails. 
are thermally 'stressed' there are points where melting occurs and the 
transistor essentially ceases to be a transistor. 
where the failure mode changes so drastically at some level that it is 
senseless to continue testing above that level. 
For example, on transistors which 
There are other cases 
The severity level is often not started at zero. Typical reasons 
are: 
1. The damage rate is negligible until a certain level 
is reached, 
2. The failure mode may be a function of damager level. 
Temperature is the best example, wherein "room temperature" is usually 
the most benign. 
3. It is not convenient or possible to do so with the experimen- 
tal equipment at hand. 
The important design considerations are 
1. The slope of the severity-level vs time curve, viz, the 
ratio of severity-level-increment to time-at-constant-severity-level, 
2. The magnitude of the steps--both in a qualitative (large- 
medium-small) sense and quantitatively (exactly the amount of increment). 
3. The severity level limits, 
4 .  Initial severity levels, 
5. See also the factors listed under constant 'stress' above 
(Sec. 3.1). 
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It is possible to change the slope and magnitude of the steps during 
the course of the tests--there is no law that says they have to be con-' 
stant. 
number there will always be a transformation of time and/or severity- 
level measure such that the steps are equal. 
and ease of running the tests are often the governing factors. 
severity level limits, which usually are where the device ceases to be 
its usual self, are an important limitation to step-'stressing'. When 
these limits are encountered before enough failures have occurred, then 
the slope must be decreased. It is quite possible under this condition 
to have to decrease the slope to the point that the tests "degenerate" 
into constant 'stress ' tests 
As a matter of fact if the change in slope is monotonic with step 
Tractability of analysis 
The 
In the literature it has been asserted that step-'stress' tests have 
the advantages that there are no immediate failures due to switch-on 
because the severity level is zero at the beginning and that there are 
no run-outs3 because the severity leTrel can go indefinitely high. Un- 
fortunately the latter is not true if the severity limit is exceeded. 
An example of this kind of stressing is given in #L-002 for mica 
capacitors 
3.3 Progressive'stress' 
The problems and considerations associated with progressive- 
'stress' testing are essentially those of medium and small/step-'stress' 
tests. As mentioned in Sec, 3.0 there is no need to belabor the dif- 
ference between small/step-'stressing' and progressive-'stressing'; the 
only difference between medium/step- and progressive-'stress' testing is 
in the tractability and form of the resulting analysis. 
A run-out is the result of a test wherein time (or number of cycles) 
It is a time has run out and the test was stopped before failure occurso 
truncated rather than failure truncated tests. There is often an implica- 
tion that the failure mode being tested for would never occur. 
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3.4 Other programs 
Some kinds of programs which are concerned w i t h  i n v e s t i g a t i n g  
cumulative damage theo r i e s  may change t h e  s e v e r i t y  level only once during 
a test. For example, t he  i n i t i a l  p a r t  of one test may be  a t  a high 
s e v e r i t y  l e v e l  and the  remainder a t  a low s e v e r i t y  level; the  second test  
reverses the  procedure, 
b u t  m e t a l l i c  f a t i g u e  i s  a f i e l d  wherein these methods of programming have 
received cons iderable  a t t e n t i o n ,  
Not much work of t h i s  s o r t  i s  done i n  e l e c t r o n i c s ,  
The term 'probe t e s t i n g '  has been used i n  the  l i t e r a t u r e ,  b u t  t h i s  
t e s t i n g  i s  a s p e c i a l  case of s t ep -  o r  p rogres s ive - ' s t r e s s ing '  where the  
s e v e r i t y  level i s  a vec to r  wi th  several dimensions (components), 
While i t  i s  no t  o f t e n  done i n  e l e c t r o n i c s ,  one test  procedure is  to  
record t h e  a c t u a l  s e v e r i t y  levels on a p a r t i c u l a r  element i n  the  f i e l d  and 
reproduce these i n  the  labora tory ,  I n  some cases t h i s  approach f i t s  t h e  
concept of a c o n s t a n t - ' s t r e s s '  test. (See Sec, 3.1.) 'Ifhere i s  no reason 
why the  programming of the s e v e r i t y  levels i n  an  acce le ra t ed  test cannot 
be anything which w i l l  add t o  the  u s e f u l  knowledge about t h e  system. 
3,5 Matrix t e s t i n g  
Matrix t e s t i n g  i s  a misleading phrase t o  one who has no t  run across  
i t  be fo reD It does not r e f e r  t o  the  kind of test being run bu t  to  the  
way i n  which the  test  i s  planned. It g e t s  i t s  name from the f a c t  t h a t  
t he  damager levels of two o r  more damagers a t  which tests are t o  be run 
are l a i d  out  o f t e n  i n  a mat r ix  form f o r  easy viewing and unders tandabi l i ty ,  
Ind iv idua l ly ,  each test i s  a cons t an t - s t r e s s  test, 
I f  a s t a t i s t i c i a n  uses  some of h i s  d e t a i l e d  experimental designs,  he 
w i l l  vary more than one parameter a t  a t i m e ,  however, the test  conditions 
may not  f i t  i n  a simple mat r ix  form, This i s  of no concern s i n c e  the 
name "matrix" i s  not  important except as a means of conveying the idea  t h a t  
more than one parameter i s  being changed, 
The important design cons idera t ions  are: 
1. 
2, f o r  each dimension, the cons idera t ions  under constant-  
how many dinensions w i l l  be considered 
'stress' apply (Sec, 3e1)e 
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Rarely, i f  ever, is t h i s  kind of test done f o r  q u a l i t a t i v e  pur- 
poses. So t h e  method of analyzing the  model i s  important and is  an 
e s s e n t i a l  p a r t  of t h e  experiment. 
engineers i n  designing and analyzing t h i s  kind of experiment are 
Refs. 1,2. Reference 1 descr ibes  and g ives  some experimental designs,  
while  Ref 2 concerns leas t - squares  analyses. I f  enough i s  known about 
t h e  process,  s t a t i s t i c i a n s  can be of he lp  i n  planning the experiment. 
You must know something about t he  v a r i a b i l i t y  of t he  process when you 
run i t  under nominally the  same condi t ions  (v i z ,  how w e l l  does i t  
r epea t  i t s e l f ? ) .  
of i n t e r e s t .  
t r o l  o r  measure, eg, i f  t h e  humidity of a test chamber i s  important 
bu t  unknown, and the re  a r e  sporadic sources of water, you are i n  t roub le  
and no s t a t i s t i c i a n  can g e t  you out  of i t  without  pa in  and su f fe r ing .  
o f t e n  one w i l l  wish t o  extrapolate '  t h e  r e s u l t s  ou t s ide  t h e  region of t h e  
mat r ix  and i n  t h i s  case Sec. 5 should be consulted. 
Two books which can be h e l p f u l  t o  
4 
It he lps  to  know t h i s  over t h e  range of parameters 
I n  add i t ion  you must know t h e  important parameters t o  con- 
V e r y  
I f  i n t e r p o l a t i o n 4  only is  des i r ed  t h e r e  are four  main ways of 
u t i l i z i n g  t h e  data.  
1) Use the  equation from the  conceptual model and eva lua te  t h e  
unknown parameters. I f  a technique such as least square i s  used, be  
c a r e f u l  about weighting of t h e  va r ious  poin ts .  
a l l  t r a c t a b l e  the  model w i l l  u sua l ly  be  r a t h e r  simple-minded. 
I f  t h e  equation i s  a t  
2 )  U s e  a linear o r  second degree equation i n  a genera l  form and 
c a l c u l a t e  t h e  unknown parameters (b ru te  f o r c e  method). The only reason 
f o r  l i m i t i n g  the equat ion t o  second degree i s  t h a t  r a r e l y  does one have 
enough da ta  t o  go any f u r t h e r ,  nor does the  accuracy of t he  d a t a  t h a t  you 
do have warrant  i t .  This equation i s  o f t e n  c a l l e d  a surface.  
For a d e t a i l e d  d iscuss ion  of ex t r apo la t ion  vs i n t e r p o l a t i o n ,  see 
Appendix H gives some d e t a i l s  of least-squares ana lyses ,  and inc ludes  
Appendix E. 
re fe rences  t o  t h e  method of maximum l ike l ihood.  
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3)  Make contour5  p l o t s .  These can be  ca l cu la t ed  from the  equations 
i n  #l o r  #2 o r  can be f a i r e d  through the  d a t a  p o i n t s  d i r e c t l y .  
kinds of contour p l o t s  are sometimes c a l l e d  schmoo p l o t s ,  presumably be- 
cause of the resemblance of some of the contours t o  the  schmoos of L i l '  
Abner fame. 
P a r t i c u l a r  
4 )  Computer rout ines ,  Each computer r o u t i n e  f i t s  some kind of 
model t o  the  d a t a  (see methods 1 , 2  above) and p r i n t s  o u t  t he  r e s u l t s  i n  
a c e r t a i n  way. 
of ana lys i s , and  ignorance (usua l ly )  of t he  b a s i c  assumptions involved i n  i t .  
The d i s t ingu i sh ing  f e a t u r e s  are speed and comprehensiveness 
Af t e r  having ca l cu la t ed  t h e  equat ion  i t  is  most w i s e  t o  go back and 
eva lua te  the  equation a t  each of t he  da t a  p o i n t s  and estimate the  e r r o r  o r  
unce r t a in ty  involved. It i s  a l s o  worthwhile deciding, e i t h e r  before  o r  
a f t e r  t he  eva lua t ion  a t  the  d a t a  p o i n t s ,  whether the scatter is  due t o  
a c t u a l  d i f f e rences  i n  the i t e m s  o r  due t o  e r r o r s  and u n c e r t a i n t i e s  i n  the  
measurements. I n  the former case one would c a l l  t he  l i n e s  average l i n e s  
and expect a reasonable degree of scatter about them, I n  t h e  second case 
the l i n e s  would be c a l l e d  t r u e  curves. Even wi th in  t h e  range of t he  da t a  
you must be  c a r e f u l  t h a t  t he  equations do not  p r e d i c t  f o o l i s h  things.  For 
example, the equation might p r e d i c t  nega t ive  hazard rates i n  some region 
( t h i s  has happened i n  the l i t e r a t u r e ) .  Obviously i f  t he  u n c e r t a i n t i e s  
i n  the  ca l cu la t ed  parameters were known o r  i f  t he  devia t ions  of t h e  da t a  
p o i n t s  from t h e  ca l cu la t ed  p o i n t s  were known, such a b s u r d i t i e s  could be 
censoredo 
A t  the  r i s k  of r e p e t i t i o n :  I f  t he re  i s  m c h  scatter o r  unce r t a in ty  
i n  the data ,  always estimate the  u n c e r t a i n t i e s  i n  the  ca l cu la t ed  parameters 
and/or  c a l c u l a t e  t he  devia t ions  of the ca l cu la t ed  curve from the  d a t a  poin ts .  
I n  t h i s  way you can avoid making a f o o l  of yourself  i n  p r i n t .  
Contour p l o t s  are s o  named because of t he  d i r e c t  analogy t o  e l eva t ion  
Assume t h a t  x,y is t h e  p lane  of t h e  paper and z is  the  contours on a map. 
d i r e c t i o n  perpendicular  t o  it. Lines of z = z1 = constant are drawn throughout 
the x,y. 
value of zl. 
Each such l i n e  is c a l l e d  a contour and is  usua l ly  labe led  with i ts  
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3.6 Cumulative damage 
I n  order  t o  compare tests (or  f i e l d  experience) run under d i f f e r -  
e n t  s e v e r i t y - l e v e l  progrannnings, some model of cumulative damage is  necessary. 
No p a r t i c u l a r  model i s  requi red ,  merely some model. I n  e l e c t r o n i c s  the re  
are very few t h e o r i e s  of cumulative damage, r ega rd le s s  of t h e  p a r t ,  b u t  i n  
mechanical f a t i g u e  f o r  example the re  are many models of cumulative damage. 
Most o f t e n  such a model uses  c o n s t a n t - ' s t r e s s '  tests as i ts  bas i s .  The 
most common conceptual model, i n  almost any f i e l d ,  f o r  cumulative damage i s  
the so-ca l led  l i n e a r  model, I t  has  one b a s i c  assumption, v i z ,  t he  rate of 
doing damage i s  1/MtF where MtF i s  the  - Median t i m e  t o  F a i l u r e  6j7 The MtF 
i s  f o r  t he  p a r t i c u l a r  s e v e r i t y  l e v e l  a t  which damage i s  accumulating, There 
are several c o r o l l a r i e s  8 t o  t h i s  assumption which are o f t e n  (but improperly) 
s t a t e d  a s  a d d i t i o n a l  assumptions. 
1)  The rate of doing damage does no t  depend on t h e  amount 
of damage a l r eady  done, 
2 )  The order  i n  which the s e v e r i t y  levels are appl ied  makes 
no d i f fe rence .  
The median i s  t h e  va lue  above which ha l f  of the measurements l i e  
and below which ha l f  of t he  measurements lie. I n  c o n t r a s t  t o  t h e  a r i t h -  
metic mean, i t  makes no d i f f e r e n c e  t o  t h e  median how l a rge  o r  small t he  
measurements a c t u a l l y  are i n  e i t h e r  group. 
7 
The Median ( i e ,  50th p e r c e n t i l e )  i s  t h e  conventional f r a c t i o n  t o  use. 
The p e r c e n t i l e  i n  t h e  d e f i n i t i o n  and i n  co ro l l a ry  5 
One could as e a s i l y  use  some o the r  p e r c e n t i l e ,  eg, 1% (1% have l i v e s  less 
than t h e  given time). 
must agree ,  of course. 
Coro l l a r i e s  1,2,4 are t r u e  because t h e  damage rate depends only on 
8 
MtF, no t  on time ( f o r  #l) nor on s e v e r i t y  level order ( f o r  9 2 )  nor on t h e  
va lue  of MtF f o r  some o the r  s e v e r i t y  level ( f o r  8 4 ) .  Corollary 3 is  t r u e  
dD 
because t o t a l  damage D i s  D = It dT = 1 (*) 1 d.r = 1 (-&):ti. 
i A t ,  i dti 0 
Corollary 5 is  t r u e  s i n c e  t h e  median time t o  f a i l u r e ,  a t  a given s e v e r i t y  
l e v e l  is  MtF, by hypothesis;  t h e  t o t a l  b e d i a n )  damage is damage-rate 
(l/MtF) t i m e s  t i m e  (MtF) which is uni ty .  
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3)  The t o t a l  damage i s  the simple sum o r  i n t e g r a l  of t h e  
damage done a t  each stress level .  
The rates of doing damage are independent of each 
o t h e r  f o r  d i f f e r e n t  s e v e r i t y  levels. 
4 )  
5) The Median endurance at  cons tan t  s e v e r i t y  level 
i s  un i ty ,  
With regard t o  Corollary #5, the  a c t u a l  endurance is  13. E, where E: 
i s  a random v a r i a b l e ;  i t s  s t a t i s t i c a l  p r o p e r t i e s  depend on t h e  programming 
of the s e v e r i t y  levels, on the  p r o b a b i l i t y  dens i ty  func t ions  of t he  t i m e s  
t o  f a i l u r e  a t  each s e v e r i t y  level, and on the  Percentage chosen i n  footnote  
b. It i t  usua l ly  presumed t h a t  t h e  ca l cu la t ed  l i f e  i s  the  Median ( o r  t he  
An example of c a l c u l a t i n g  t h e  life of an element, Percentage i n  footnote  81, 
when i t  i s  exposed to  several levels of s e v e r i t y  during i t s  l i f e ,  i s  shown 
i n  Appendix F. 
The use  of  a cumulative damage model does n o t  necessa r i ly  mean t h a t  
t h e  f a i l u r e  modes/mechanisms were the  s a m e  a t  each s e v e r i t y  level ,  a l though 
such a case may help the  v a l i d i t y  of the  model. 
The l i n e a r  model of cumulative damage is  gene ra l ly  regarded as a gross  
approximation. 
i n  o the r  circumstances i t  c o n s i s t e n t l y  overestimates the c o r r e c t  value.  
Regardless of these  d e f i c i e n c i e s  i t  has t h e  b i g  engineering advantages of 
being t r a c t a b l e ,  e a s i l y  remembered, and widely used. So, use  the  l i n e a r  
model un less  you know of some o the r  which i s  b e t t e r .  
p l ease  s t a t e  t he  a r b i t r a r i n e s s  of t h i s  assumption. 
I n  some circumstances i t  c o n s i s t e n t l y  underestimates and 
But, i n  your r e p o r t ,  
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4 .  Thermal a c c e l e r a t i o n  equations 
4.0 Temperature i s  probably t h e  most important damager f o r  acce le ra t ed  
t e s t i n g  t h a t  w e  have, 
p a s t ,  and i t s  continued use  appears both easy and f r u i t f u l .  
used i n  the l i t e r a t u r e  t o  desc r ibe  the  acce le ra t ed  behavior are a matter 
of some controversy. 
It has been used and analyzed a g r e a t  d e a l  i n  the 
The equations 
There are many experimental s i t u a t i o n s  wherein tempera- 
t u r e  i s  changed, t h e  r e s u l t s  recorded a t  each experiment, then log ( r e s u l t s )  
a r e  p l o t t e d  vs l/kT (o r  a g a i n s t  l /T ) ,  
t u a l  model being used to  desc r ibe  the process suggests t h a t  t he  r e s u l t i n g  
l i n e  w i l l  be  n e a r l y  s t r a i g h t  (neglec t ing  random v a r i a t i o n s ) ,  Many of these  
s i t u a t i o n s  have nothing t o  do d i r e c t l y  wi th  the Arrhenius o r  Eyring equations 
al though they probably a l l ,  including t h e  Arrhenius and Eyring, have t h e i r  
roo t s  i n  t h e  Boltzmann d i s t r i b u t i o n .  For example, t h e  product of the 
e l e c t r o n  and hole  concent ra t ions  i n  a semiconductor i s  given by 
This i s  o f t e n  done because the  concep- 
np = P(T) x exp( -E /kT) 
g 
where P(T) i s  a llpolynomial" i n  T (perhaps conta in ing  f r a c t i o n a l  exponents) 
and E i s  the bandgap energy. There a r e  thermodynamic equations which 
been pu t  i n  t h e  form 
g 
y = exp( -E/kT) 
where E i s  some thermodynamic energy. One of t h e  reasons t h i s  form i s  
have 
p re fe r r ed  i s  that i t  tu rns  up i n  the  r a t h e r  t r a c t a b l e  a n a l y s i s  f o r  p e r f e c t  
gases. Therefore i n  o the r  s i t u a t i o n s ,  some new genera l ized  parameters may 
b e  defined by an equat ion of t h a t  form. The energ ies  E and E above are 
not u sua l ly  cons tan t ,  bu t  t he  v a r i a t i o n  of e i t h e r  wi th  temperature i s  
usua l ly  q u i t e  mild compared t o  t h e  T i n  denominator. It happens to  be con- 
venien t  sometimes to  s p l i t  the  E i n  the  above equat ion i n t o  two p a r t s ,  
and E 
allowed). Unless the  
data are q u i t e  accura te ,  much more so than  usua l ly  found i n  engineering 
experiments, t he  v a r i a t i o n  due t o  P (T)  i s  completely swamped by the  random 
v a r i a t i o n s  measured i n  y. I n  some experiments i n  b a s i c  physics (eg, d e t e r -  
mining t h e  bandgap energy o f  s i l i c o n )  o r  i n  chemistry (eg, t he  hydrogen 
g 
such t h a t  exp(-El/kT) i s  a "polynomial" i n  T ( f r a c t i o n a l  exponents 2, 
The r e s u l t i n g  equation i s  y = P1(T) exp(-E2/kT). 
1 
27 
i od ide  decomposition i n t o  hydrogen and iod ine )  t he  r e s u l t s  are accurate 
enough t h a t  i t  behooves one t o  g e t  a reasonably accu ra t e  model f o r  t h e  
polynomial" i n  T. Then t h e  y ' s  can be corrected1. and t h e  nons t ra ightness  I t  
of the  r e s u l t i n g  l i n e  w i l l  be  due s o l e l y  t o  the  temperature dependence of 
the energy i n  the exponent. 
exponent is  assoc ia ted  wi th  a phys ica l  quan t i ty  only t o  wi th in  a few kT 
because many models neg lec t  v a r i a t i o n s  i n  energy of t h i s  amount, 
v a r i a t i o n s  a r e  q u i t e  small, eg, a t  room temperature kT 2: 0.025eV. 
It i s  worth not ing  t h a t  t h e  energy of t he  
The 
Other forms r e l a t i n g  t i m e  and temperature have been used i n  chemistry 
and metal lurgy ( r a r e l y  i n  physics). I n  p a r t i c u l a r ,  a time-Temperature 
parameter ( tTp)  i s  introduced and the  observed behavior i s  pos tu l a t ed  t o  
be  expres s ib l e  i n  terms of t h i s  tTp wi th  no o t h e r  t i m e  o r  Temperature 
dependence. 
The reasonable success of t he  exp(-E/kT) equat ion has led many people 
t o  specu la t e  on extensions of i t  to  inc lude  damagers o t h e r  than temperature. 
These ex tens ions  have been completely a r b i t r a r y  and should not  be imbued 
wi th  any myst ica l  sense of t h e o r e t i c a l  soundness. 
4.1 Arrhenius 
This i s  c e r t a i n l y  the  c l a s s i c  example f o r  temperature dependence 
2 . 9 3  of s p e c i f i c  r e a c t i o n  rates and can be w r i t t e n  
rr = A exp(-E/kT). 
While w e  do not  have access to  the  personal  thoughts of Arrhenius, t he  form 
of h i s  equation w a s  undoubtedly influenced by t h e  thermodynamic forms men- 
t ioned i n  Sec. 4.0. 
of success f o r  both i n t e r p o l a t i o n  and ex t rapola t ion .  
The Arrhenius equation has  enjoyed an apprec iab le  amount 
Ins t ead  of p l o t t i n g  log y ,  p l o t  log [y/P1(T)Ie 
Sometimes an R i s  used i n  p lace  of t he  k, R i s  t h e  un ive r sa l  gas 
cons tan t ;  k i s  Boltzmann's constant. Chemists tend t o  use  t h e  former and 
p h y s i c i s t s  the lat ter,  t h e  d i f f e rence  being per  mole o r  pe r  molecule, 
respec t ive ly .  When R is  used, E is  usua l ly  given i n  k i l o c a l o r i e s  pe r  mole, 
whereas when k is used, E i s  usua l ly  given i n  e l ec t ron  v o l t s  per  molecule. 
. Very o f t e n  t h e  pe r  e V  - k c a l  23.0609 mole - molecule k c a l  e V  mole - molecule' l-- 
molecule o r  pe r  mole is  implied r a t h e r  than being s t a t e d  e x p l i c i t l y .  
A is o f t e n  c a l l e d  t h e  frequency f a c t o r  because the  earliest r eac t ions  
This name does not  apply t o  r eac t ions  considered were of t h e  f i r s t  order.  
of o the r  orders ,  
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The Arrhenius equat ion  i s  o f t e n  w r i t t e n  i n  an  approximate fonn when 
the  temperature excursions are small, as 
rr /rr = exp(-E/kT x AT IT^). 
1 2  0 
where T 
the experimental da ta  i n  many p r a c t i c a l  s i t u a t i o n s  w i l l  swamp out t h e  e r r o r  
i n  the  approximation. A very  common form of t h i s  approximation is  the  
statement t h a t  s p e c i f i c  r e a c t i o n  rates w i l l  double f o r  every 10 C rise i n  
temperature. i s  given, and i f  AT = lOoK and rrl/rr2 = k, then E i s  
determined by t h e  equation. 
E w i l l  be 0.6 +, 0.1 eV. 
10°C i s  equiva len t  t o  a 0.6 e V  a c t i v a t i o n  energy (which i s  c l o s e  t o  t h a t  f o r  
many chemical reac t ions) .  
i s  t h e  nominal temperature of t h e  reac t ion .  The u n c e r t a i n t i e s  i n  
0 
0 
I f  T 
For example, i f  To i s  i n  the range 0 t o  100°C, 
Thus f o r  p r a c t i c a l  purposes, doubling of rate pe r  
I f  t he  r e s u l t s  of an engineering i n v e s t i g a t i o n  show that the  Arrhenius 
behavior i s  not  followed, a l l  t h a t  such r e s u l t s  mean a r e  t h a t  the system i s  
obviously behaving i n  some o the r  fashion. The r e s u l t s  do not mean anything 
i s  r i g h t  o r  wrong, bu t  simply t h a t  the simple-minded conceptual model being 
used i s  inadequate. 
Since i t s  b i r t h  over 75 years  ago, t h e  Arrhenius equation has  under- 
These gone modif icat ions i n  endeavors t o  make i t  more widely appl icable .  
modif icat ions a r e  of l i t t l e  i f  any concern i n  acce le ra t ed  t e s t i n g ;  they 
a r e  discussed i n  t e x t s  and a r t i c l e s  on phys ica l  chemistry. 
4.2 Eyring4 
The Eyring equation, o r  as i t  i s  more o f t e n  known i n  phys ica l  
chemistry, t h e  equation f o r  abso lu t e  r e a c t i o n  rates, seems t o  have assumed 
an undue God-like image i n  some of t he  reliability-physicslaccelerated- 
t e s t i n g  l i t e r a t u r e .  The s p e c i f i c  r e a c t i o n  rate may be w r i t t e n  as 
KkT -AGT rr = exp (r) 
4 A l l  t h e  quota t ions  i n  t h i s  s e c t i o n  (Sec. 4.2)are from Ref. 3-- 
an exce l l en t  s h o r t  (24 page) re ference  by Eyring on absolu te  r eac t ion  
rates. 
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where A G t  is  t h e  Gibbs f r e e  energy of t h e  a c t i v a t e d  complex, 
K is  a transmission c o e f f i c i e n t  and is usua l ly  v i r t u a l l y  un i ty ,  
h i s  Planck's cons tan t ,  and 
t is  a s u p e r s c r i p t  which i n d i c a t e s  t h e  a c t i v a t e d  complex ( o f t e n a  =/I 
is  used). 
"It should be  c l e a r l y  noted t h a t  t he  equation has  been developed f o r  an 
elementary r eac t ion  and t h a t  i t  should b e  appl ied  only to  such a reaction." 
"The abso lu te  r e a c t i o n  r a t e  theory... has been appl ied  wi th  success to  a 
wide range of s o l i d ,  l i q u i d ,  and vapor phase reac t ions .  
u s e f u l  i n  considering the r a t e s  of very rap id  r eac t ions  which may occur 
i n  a flame, and t h e  r a t e s  of those r eac t ions  which under ord inary  condi t ions  
r e q u i r e  geologic ages . '' 4 
4 
It i s  equal ly  
The b i g  reason t h i s  equat ion llalwaysll a p p l i e s  i s  given under Sec. 2.1 
some of t he  f a c t o r s  and concepts involved i n  t h i s  equation are 
This does not diminish 
of models: 
defined by equations which go t o  make up t h i s  one. 
t h e  va lue  of t he  equation i n  any way; i t  j u s t  pu t s  i t  i n  perspective.  
Now s ince  AG-F = AH? - TASt where Ht and S l  are enthalpy and 
entropy of t h e  ac t iva t ed  complex r e spec t ive ly  ( t h e  .f. denotes the  a c t i v a t e d  
complex), the equation can be  put  i n  the  following form 
kT AS t - Ht rr = -h exp e x p ( F )  * 
The AH? i s  c l o s e l y  assoc ia ted  wi th  t h e  a c t i v a t i o n  energy and is  equal t o  
i t  wi th in  an unce r t a in ty  of a few kT (depending on the  exact conceptual 
model chosen f o r  t h e  r e a c t i o n  k i n e t i c s ) .  It is  t h e  term exp(AS-F/k) t h a t  
g ives  t h e  t roub le .  A p o t e n t i a l  energy su r face  can be  introduced and i f  
t h e r e  are not  too many dimensions (say only one o r  two), and t h e  system is 
extremely simple,  and you are lucky, t h i s  su r f ace  can be obtained from 
quantum mechanical cons idera t ions .  Actually,  "For a l l  b u t  t h e  s imples t  
systems t h i s  i s  not f e a s i b l e .  There are a l s o  semiempirical methods f o r  
t h e  c a l c u l a t i o n  of t hese  p o t e n t i a l  energy su r faces ,  bu t  t h e s e  do no t  gen- 
e r a l l y  g i v e  s u f f i c i e n t l y  accu ra t e  su r faces  f o r  p r a c t i c a l  use  i n  p red ic t ing  
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k i n e t i c  data .  
examines t h e  na tu re  of t h e  ac t iva t ed  complex from experimental  k i n e t i c  
data." '1 
I n  f a c t ,  f o r  a l l  bu t  t h e  very s imples t  r eac t ions  one 
E lec t ron ic  components are complex engineering systems from t h e  po in t  
of view of t h e o r e t i c a l  chemistry/physics and f o r  p r a c t i c a l  purposes, use of 
abso lu t e  r e a c t i o n  rate theory w i l l  o f f e r  l i t t l e  if anything over t h e  
Arrhenius equation. 
tremendous scatter i n  t h e  f a i l u r e  rate data .  
r e a c t i o n  rate i s  no t  observed, bu t  some complicated func t ion  of i t  is. 
By t h e  t i m e  one is  discussing f a i l u r e  rates, h e  is  a long, long way from a 
s p e c i f i c  r e a c t i o n  rate. 
One of t h e  b igges t  obs t ac l e s  t o  its use  is t h e  
Another is  t h a t  t h e  s p e c i f i c  
4 . 3  Time-Temperature parameter 
The behavior of many materials and substances is a f f e c t e d  by 
being exposed t o  higher temperatures and t h e  behavior i s  influenced by both 
the  temperature and t h e  amount of t i m e  a t  t h a t  temperature. 
accomplish a given change, t h e r e  is  o f t e n  a trade-off between time and 
temperature. This is  t r u e  f o r  a c t i v i t i e s  as d i v e r s e  as cooking meat and 
creep-rupture of steel. The Arrhenius equat ion has long been a f a v o r i t e  
f o r  t h e  s p e c i f i c  r e a c t i o n  rate cons tan t  i n  chemical r eac t ions ;  a 
s i m i l a r  form i s  o f t e n  used f o r  t h e  temperature dependence of t h e  rate of 
change of a parameter (p) wi th  respect t o  t i m e .  I n  t h i s  la t ter  form one 
can w r i t e  
Thus t o  
where A and E are cons tan ts ,  i e ,  they are independent of 
a )  time, 
b) temperature, 
c )  t h e  parameter under consideration. 
It i s  #c above which fo rces  dp ld t  t o  be t h i s  special func t ion  
of t h e  parameter, p ,  r a t h e r  than j u s t  an a r b i t r a r y  function. 
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For example, i f  a chemical r e a c t i o n  is a second order one f o r  component 
a then - = B(a) where (a )  i s  t h e  concent ra t ion  of 2. The following 
manipulations are e a s i l y  performed: 
2 
d t  - 
where p = - l / ( a ) .  Thus w e  have found a parameter, p ,  such t h a t  
E 
E) ' B = A exp(- 
dr? - =  a t  
E The equation * = A exp(- E) is  e a s i l y  in t eg ra t ed  r e s u l t i n g  i n  d t  
E 
Ap = A t  exp(- kT/ 
where Ap is  t h e  change i n  p which occurs during t h e  t i m e  from 0 t o  t. 
Some a lgebra i c  manipulation r e s u l t s  i n  t h e  equation 
T I n  A t  = T I n  Ap + E/k. 
If Ap can be chosen so t h a t  i t s  va lue  is 1, then the  above equation reduces t o  -
T I n  A t  = T I n  ( t l / t O )  = E/k + T l n ( 1 )  = E/k 
1 
where t i s  t h e  t i m e  i n t e r v a l  f o r  Ap = 1, and t 
1 0 
= 1 /A.  
The time-Temperature parameter (tTp) is  defined by 
tTp = T I n  (t / t o )  
1 
and i s  a cons tan t  (elthough i t  is r e l a t e d  t o  t h e  a c t i v a t i o n  energy). 
It should be  noted t h a t  t h i s  d e r i v a t i o n  is  v a l i d  only when ~p can be  
assigned the  va lue  1 4  
t h e  tTp f o r  a) c lative damage, o r  b) p l o t t i n g  the va lue  of any continuously 
This c l e a r l y  e l imina tes  any cons idera t ion  of using 
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changing parameter. 
assigned to  Ap f o r  a p a r t i c u l a r  amount of change, i t  cannot be reassigned 
f o r  t he  same s i t u a t i o n .  Most of  t he  de r iva t ions  i n  the  l i t e r a t u r e  do 
This i s  so because once t h e  va lue  of 1 has been 
not inc lude  t h e  term Ap, b u t  r a t h e r ,  i m p l i c i t l y  assume t h a t  i t  is 1; t h i s  
has led t o  some misunderstandings. 
va r i ab le ,  then t o  de r ive  t h e  tTp from t h e  Arrhenius i s  only poss ib l e  wi th  
a Procrustean approach to  a lgeb ra  . 
Clear ly  i f  Ap is  allowed t o  be a 
Thus, while  t h e  Arrhenius equat ion i s  q u i t e  s u i t a b l e  f o r  t heo r i e s  
of cumulative damage, t h e  time-Temperature parameter has a d d i t i o n a l  
assumptions involved i n  i t  and i s  abso lu te ly  not  s u i t a b l e  f o r  t heo r i e s  
of cumulative damage when the  process i s  presumed t o  follow t h e  Arrhenius 
l a w  . 
I n  the  f i e l d  of metals,  t h e  tTp i s  o f t e n  c a l l e d  the  Larson-Miller 
parameter. It w a s  presented by these  two authors  i n  #L-o79. 
Another d i f f i c u l t y  wi th  the  use  of the tTp i s  t h e  compression of t he  
t i m e  scale .  
of LO-' h r ,  so  t h a t  f o r  1 h r  < t < 1000 hr ,  15 < l o g ( t l / t o )  < 12.  This 
range of t i m e s  inc ludes  most acce le ra t ed  test t i m e s  f o r  e l ec t ron ic s .  
can be seen t h a t  v a r i a t i o n s  i n  f a i l u r e  t i m e  up t o  a f a c t o r  of 3 w i l l  pro- 
duce a change i n  the tTp of only a few percent.  
t i m e  scale i s  severe, and d iscrepancies  i n  the da t a  are covered up whether 
by i n t e n t i o n  o r  not.  
I n  many s i t u a t i o n s  t h e  cons tan t  to i s  taken to  be  on t h e  o rde r  
1 
It 
Thus compression of t he  
There i s  c e r t a i n l y  nothing wrong wi th  t r y i n g  t o  f i t  t he  r e s u l t s  of an  
acce le ra t ed  l i f e  test of an e l e c t r o n i c  component wi th  a tTp. The cons tan t  
can be considered a d j u s t a b l e  t o  g ive  the b e s t  f i t  to t h e  data. J u s t  
remember t h a t  t i m e  and Temperature can e n t e r  i n  no o the r  way than through 
the tTp . 
4.4 Non-valid ex tens ions  
A s  mentioned i n  Sec. 4.0 t h e r e  have been ex tens ions  of t he  equa- 
t i o n  f o r  abso lu t e  r e a c t i o n  rate (Eyring) which have been termed "generalized 
Eyring equations". 
cons tan ts  and an a r b i t r a r y  func t ion  of t he  measure of 'stress' are introduced. 
They involve an exponential  term i n  which two a r b i t r a r y  
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The name, Eyring, appl ied  t o  t h i s  equat ion should no t  mislead anyone 
i n t o  thinking t h a t  he  and t h e  o the r  eminient phys ica l  chemists who de; 
veloped the  theory of abso lu t e  r e a c t i o n  rates are re spons ib l e  f o r  it. 
The equation i t s e l f  is obviously t h e  most gross  empiricism, which while  
no t  bad i n  i t s e l f ,  takes  t h e  aura  of primacy away from it. 
4.5 Tfiat parameter is acce le ra t ed?  
Very o f t e n  i n  t h e  e l e c t r o n i c s  l i t e r a t u r e  t h e  l i f e  of an element 
i s  considered t o  have a c e r t a i n  behavior,  eg,  t o  have Arrhenius acce le ra t ion ;  
bu t  t h e  exac t  meaning t o  be  assoc ia ted  wi th  t h i s  statement is not  clear. 
I f  t h e  l i f e  i s  a random v a r i a b l e  (and i t  V i r t u a l l y  always is) i t  is  d i f f i c u l t  
t o  knowwhat is meant by t h e  phrase: 
much more meaningful t o  assert t h a t  a p a r t i c u l a r  parameter i n  t h e  l i f e  d i s t r i -  
bu t ion  follows t h a t  l a w .  For example, i f  t h e  hazard rate is cons tan t ,  t h e  
l i f e  d i s t r i b u t i o n  has  a s i n g l e  parameter ( A ) ,  and it  can be a s se r t ed  t h a t  X 
has t h e  Arrhenius behavior. Other one-parameter d i s t r i b u t i o n s  could be 
t r e a t e d  s i m i l a r l y .  
t h e  l i f e  follows a c e r t a i n  law.  It i s  
I f  t h e  l i f e  d i s t r i b u t i o n  has more than one parameter, eg, t he  Weibul15 
d i s t r i b u t i o n ,  then i t  makes no sense  a t  a l l  t o  assert t h a t  t h e  l i f e  follows 
t h e  Arrhenius acce le ra t ion  formula. Rather one must assert t h a t  one (or  
both) of t h e  parameters i n  the  d i s t r i b u t i o n  follows t h e  Arrhenius formula. 
It i s  commonly (and i m p l i c i t l y )  assumed t h a t  t h e  r e c i p r o c a l  of t h e  l o c a t i o n  
parameter has t h e  Arrhenius form and t h a t  t h e  shape parameter remains con- 
s t a n t .  I f  i n  f a c t ,  t h e  shape parameter remains cons tan t ,  a very simple t i m e  
transformation (T = t  ’
exponential ,  and t h e r e  is  no need t o  treat t h e  Weibull as a sepa ra t e  case. 
I f  t h e  shape parameter does not  s t a y  cons tan t ,  t h e r e  are se r ious  d i f f i c u l t i e s  
i n  i n t e r p r e t i n g  t h e  d a t a  unless  t h e  model inc ludes  a s p e c i f i c  type of temperature 
behavior f o r  both t h e  l o c a t i o n  and shape parameters. 
t i o n ,  which a l s o  has two parameters, a similar problem arises, v i z ,  s epa ra t e  
A= a-’) w i l l  convert  t h e  Weibull d i s t r i b u t i o n  t o  t h e  
I n  t h e  Normal d i s t r i b u -  
7 t B  Weibull cumulative d i s t r i b u t i o n :  R = exp [-(--) 1; a i s  t h e  loca t ion  
parameter, B i s  the  shape parameter. 
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equations f o r  temperature-behavior must be  assumed f o r  each of t h e  parameters 
(mean and variance) i n  order  t o  f i t  t h e  d a t a  t o  t h e  model. 
I f  t h r e e  o r  more parameters are used t o  f i t  t h e  da t a ,  e i t h e r  i n  a 
s i n g l e  equation o r  by using a simple equation f o r  each segment of t h e  d a t a ,  
t ry ing  t o  decide upon a s u i t a b l e  temperature behavior f o r  each may be 
v i r t u a l l y  impossible. 
You must always ask  yourself  t h e  question: This i s  a thermal ac- 
c e l e r a t i o n  equation f o r  what parameters? 
4 .6  S t a t i s t i c a l  es t imat ion  
There has been no q u i t e  s a t i s f a c t o r y  method i n  t h e  r e l i a b i l i t y  
l i t e r a t u r e  f o r  es t imat ing  t h e  parameters of t h e  Arrhenius equation d i r e c t l y  
from a set of l i f e  data .  
estimate t h e  Arrhenius parameters d i r e c t l y .  
A d e s i r a b l e  way is  a c t u a l l y  t o  use the  d a t a  t o  
Whenever t h e  parameters of a model are estimated from t h e  da t a ,  always 
estimate t h e  unce r t a in ty  i n  the  parameter estimates, 
and computers u sua l ly  g ive  a f a l s e  sense  of p rec i s ion  t o  po in t  estimates of 
parameters. An estimate of t h e  u n c e r t a i n t i e s  can properly s h a t t e r  t h i s  
f a l s e  sense.  (See t h e  example i n  Sec. 3.1, p. 1 6 , )  
Such a technique i s  shown i n  Appendix C. 
Calculating machines 
It g ives  the maximum l i k e l i -  
hood s o l u t i o n  f o r  t h e  parameters and f o r  estimates of t h e i r  var iances .  
I f  a least-squares ana lys i s  i s  used t o  f i t  t h e  d a t a  po in t s  t o  a tempera- 
t u r e  model, a t t e n t i o n  must always be paid t o  t h e  weighting of t he  d a t a  po in t s  
i n  terms of t h e i r  estimaeed accuracy, 
p ropor t iona l  t o  t h e  r e c i p r o c a l  of t h e  va r i ance  a t  t h a t  pos i t i on .  
though least-squares is  a l e g i t i m a t e  technique, r ega rd le s s  of the p robab i l i t y  
d i s t r i b u t i o n s  of t h e  da t a ,  i t  has severe  engineering l i m i t a t i o n s  during 
i n t e r p r e t a t i o n s  of r e s u l t s ,  i f  those d i s t r i b u t i o n s  are highly skewed. 
The weight given t o  any po in t  is  
Even 
Some au thors  have cautioned aga ins t  transformation of t h e  v a r i a b l e s  
because of t h e  e f f e c t  on t h e  weight of t h e  po in t s ,  
v a r i a b l e s  any t i m e  i f  he changes t h e  weighting of t h e  po in t s  with every 
transformation of t h e  dependent va r i ab le .  
a l l  wi th  transformations of t he  independent va r i ab le .  
pe t en t  s t a t i s t i c i a n  w i l l  be worthwhile i f  t he  es t imat ions  are a t  a l l  c r i t i ca l ,  
eg, i n  meeting a s p e c i f i c a t i o n .  
One can transform t h e  
The weighting does not  change a t  
The he lp  of a com- 
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5. Ext rapola t ion  
5 , O  J u s t  as everyone uses  acce le ra t ed  t e s t i n g  and w i l l  continue t o  
use  i t  rega rd le s s  of t h e  judgements passed on it and i r r e s p e c t i v e  of its 
l i m i t a t i o n s ,  everyone w i l l  continue t o  e x t r a p o l a t e  from t h e  d a t a  r ega rd le s s  
of t he  admonitions aga ins t  and t h e  dangers b e f a l l i n g  ex t rapola t ion .  
no t  t h e  purpose of t h i s  s e c t i o n  t o  p rosc r ibe  ex t r apo la t ion  but  t o  show what 
u n c e r t a i n t i e s  e x i s t  when it  i s  done. 
equat ion derived from a model of t h e  process e x i s t s .  
t o  da t a  po in t s  by b r u t e  f o r c e  wi th  a series, such as a power series o r  ortho- 
gonal polynomials, are never’ t o  be  ex t rapola ted .  
i n t e r p o l a t i o n  only; they usua l ly  behave very  wi ld ly  o u t s i d e  t h e  d a t a  i n t e r v a l .  
It  is 
It $s presumed t h a t  some reasonable 
Curves which are f i t  
Those formulas are f o r  
I f  t h e  d a t a  have been f i t  by leas t - squares  (or  some o the r  cri teria f o r  
goodness) o r  i f  a series wi th  enough ad jus t ab le  c o e f f i c i e n t s  t o  f i t  t h e  
d a t a  exac t ly  has been used, t h e  caut ion  is t h e  same -- t h e  ex t rapola ted  curve 
w i l l  no t  be a smooth ex t r apo la t ion  of t h e  d a t a  po in t s  nor is it  intended t o  
b e e 2  This is  not an ivory  tower p r o s c r i p t i o n  bu t  a very realist ic one, 
5 .1  Accurate model 
I f  t h e  model i s  accura t e  ou t s ide  t h e  range of t h e  da t a ,  then t h e  
problem of t h e  unce r t a in ty  i n  t h e  ex t r apo la t ion  i s  s ta t is t ical  i n  na ture .  A 
s t a t i s t i c i a n  may be  a b l e  t o  g ive  he lp  on t h e  design of t h e  o r i g i n a l  experiment 
t o  make t h e  estimate of t he  ex t rapola ted  va lue  as accura t e  as poss ib le ,  
v id ing  f o r  making an accu ra t e  ex t r apo la t ion  i s  no t  necessa r i ly  t h e  same as 
eva lua t ing  t h e  parameters i n  t h e  model as accura te ly  as poss ib le .  
Pro- 
V i r t u a l l y  always i n  engineering, t h e  d a t a  are transformed so  t h a t  t h e  
r e s u l t i n g  curve is  a s t r a i g h t  l i n e ;  s o  only a s t r a i g h t  l i n e  is considered 
i n  t h e  following d iscuss ion .  The p r i n c i p l e s  are app l i cab le  t o  more complicated 
1 
There is ,  of course, t h e  rare exception when the  series is  known t o  be  
See t h e  example i n  Appendix G i f  you are no t  f a m i l i a r  wi th  t h i s  kind of 
A power series which s tops  a t  t h e  l i n e a r  term, cannot, by i tsel f ,  
accura te ,  even ou t s ide  t h e  range of t h e  data .  
behavior. 
g e t  too wild. 
ou t s ide  the  i n t e r v a l  of ca lcu la ted  f i t .  
The more terms t h e r e  are, the  quicker t h e  series can g e t  wild-- 
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curves however. 
of t he  da t a  poin ts3 .  
where, except f o r  uncer ta in ty ,  b i s  zero. 
t he  e r r o r  i n  ex t rapola t ing  due t o  the  uncer ta in ty  i n  b is neg l ig ib l e .  
The uncer ta in ty  i n  t h e  s lope  m is what causes t h e  t rouble  as is shown 
i n  the  f igu re .  
Consider t h a t  t he  o r i g i n  is  a t  the  "center  of gravi ty"  
The s t r a i g h t  l i n e  w i l l  be of t he  form y = m x  + b 
I n  v i r t u a l l y  a l l  s i t u a t i o n s  
The heavy l i n e  
I 
I 
i s  the  b e s t  l i n e  ca lcu la ted  by whatever means are desired.  The dashed 
l i n e s  are the  l o c i  of confidence po in t s  about t h a t  l i n e  f o r  ex t rapola t ion  
purposes. 
given value of y is  shown as a s o l i d  heavy l i n e .  
uncertainty i n  y f o r  a given value of x is s i m i l a r l y  shown. 
of ca l cu la t ing  these  i n t e r v a l s  are included i n  many computer programs and 
are ava i l ab le  i n  some s t a t i s t i c s  t e x t s .  I f  ex t rapola t ions  are made very 
f a r ,  and they usual ly  are, the  uncer ta in ty  can be an appreciable  f r a c t i o n  of 
the  value.  For example; where log t i m e  scales are used, unce r t a in t i e s  i n  
t i m e  of f a c t o r s  of 10 + 100 are not  unknown. These are very real unce r t a in t i e s ;  
I n  the  lower r i g h t  of the  f igu re4  the  uncer ta in ty  i n  x f o r  a 
I n  the  upper l e f t  the  
The d e t a i l s  
I f  the  po in t s  are weighted i n  the  ana lys i s ,  t he  o r i g i n  w i l l  be the  
weighted center  of grav i ty .  
The exact  i n t e r p r e t a t i o n  and method of ca l cu la t ion  of t h i s  i n t e r v a l  are 
sometimes a sub jec t  of controversy,  bu t ,  roughly a t  least ,  the  i l l u s t r a t i o n  
gives  an idea  of t h e  d i f f i c u l t y .  
11 reversal" of t h e  va r i ab le s  with which the  randomness is  associated.  
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The objec t ions  arise because of t he  
wi th in  the  confidence l i m i t s  s t a t e d  you don ' t  know where a po in t  l i es ,  and 
g iv ing  po in t  estimates can be  extremely misleading t o  t h e  reader .  Remember 
t h a t  t h i s  d i scuss ion  presumes t h a t  t h e  model accura te ly  descr ibes  t h e  behavior 
i n  t h e  region of ex t rapola t ion .  Models are o f t e n  known t o  have a very 
r e s t r i c t e d  region of a p p l i c a b i l i t y ;  c e r t a i n l y  t h i s  region should be included 
i n  any equat ions w r i t t e n  down so t h a t  t he  l i m i t a t i o n s  are kept  f i rmly  i n  
v i e w  
The sample ca l cu la t ion  i n  Sec. 3.1 (p. 16) gives  an  example of t h i s  
d i f f i c u l t y  i n  ex t rapola t ion ,  
i n  some d e t a i l  and g ives  formulas f o r  ca l cu la t ing  t h e  u n c e r t a i n t i e s  involved. 
Appendix H g ives  t h e  d e t a i l s  when the  curve t o  be f i t t e d  i s  a s t r a i g h t  l i n e .  
There are too  many d i f f e r e n t  circumstances t o  cover a l l  of them i n  t h i s  r epor t .  
Reference 2 d i scusses  least-squares  so lu t ions  
5.2 Unknown model 
I f  t h e  behavior i n  the  region of ex t r apo la t ion  is  not  known t o  
follow a p a r t i c u l a r  model, o r  i f ,  as usua l ,  one i s  not  sure  whether o r  no t  
t he  behavior fol lows t h e  model i n  the  region of i n t e r e s t ,  then  i t  is o f t e n  
poss ib l e  t o  hypothesize several models and t o  ex t r apo la t e  according t o  each. 
I f  t he  dec is ion  you make on t h e  b a s i s  of t h e  ex t r apo la t ion  is extremely 
s e n s i t i v e  t o  t h e  model which has been assumed, then you are i n  t rouble .  I f  
t h e  dec is ion  you make on t h e  b a s i s  of t h e  ex t rapola t ion  is not  very s e n s i t i v e  
t o  the  model, i t  i s  genera l ly  assumed t o  be s a f e  t o  go ahead. Fortunately,  
very o f t e n  the  l a t te r  is t h e  s i t u a t i o n .  No one r e a l l y  cares what t h e  exac t  
p red ic t ion  of l i f e  of a component o r  a p a r t  i s ;  a l l  he  r e a l l y  cares about 
is  whether it is  long enough. This i s  why many acce le ra t ion  and extrapola- 
t i o n  techniques are successful--the p a r t s  are very good, so good i n  f a c t  
t h a t  they transcend t h e  l imi t a t ions  of t h e  ana lys i s .  
I n  most engineering s i t u a t i o n s  you have t o  work i n  regions where 
dec is ions  are not  c l ea rcu t  and t h e r e  j u s t  a r e n ' t  enough data .  
speaking i f  you are i n  a s a t i s f a c t o r y  region,  someone wants t o  redesign 
the  system and put  you i n  a quest ionable  one; t h i s  is a consequence of g e t t i n g  
the  most f o r  t h e  least, Under these  t ry ing  circumstances, t h i s  s e c t i o n  can 
be  used only as a guide,  bu t  t h e  idea  of s e n s i t i v i t y  t o  the  exact  model is 
very use fu l  and can g ive  the  engineer more engineering confidence i n  h i s  
Generally 
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decis ion .  
use of t h e  word confidence, s ince  i n  t h a t  use i t  is a very t e c h n i c a l  term 
and c e r t a i n l y  does not  mean engineering confidence. 
without t h e  other .  It is engineering confidence i n  a dec is ion  t h a t  an 
engineer wants--not s ta t i s t ica l  confidence per  se. 
I n  t h i s  kind of s i t u a t i o n  you must beware of t he  s t a t i s t i c i a n ' s  
You can e a s i l y  have one 
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6. Summary, comparison, and eva lua t ion  of procedures f o r  acce lera ted  
t e s t i n g  . 
6.0 The important models and concepts involved i n  acce lera ted  t e s t i n g  
have been explained i n  the  previous sec t ions ,  
summary of each of t h e  var ious  approaches used i n  acce le ra t ed  t e s t i n g ;  t h e  
comparison of t h e  test designs,  t e s t i n g  methods, mathematical models, and 
test programs; and f i n a l  conclusions on t h e  ex ten t  of success  and applica- 
b i l i t y  f o r  each approach, Where it is  appropr ia te ,  some of the  d iscuss ion  
has  been defer red  f o r  the  following fou r  sec t ions  which consider  each 
component separa te ly ,  The approaches t o  acce lera ted  t e s t i n g  can be broken 
down i n  two convenient ways, one is  wi th  respec t  t o  purpose and the  o the r  
i s  with respec t  t o  t h e  kind of test. Each k ind  of tes t  i s  then discussed 
with respec t  t o  design, method, and program. An important considerat ion 
when developing models f o r  t he  p robab i l i t y  of a given l i f e  f o r  a component 
is i n  what way a measure of t h e  s e v e r i t y  level of t h e  test o r  opera t ion  
comes i n t o  t h e  model. With t h e  constant  hazard rate hypothesis  t he re  i s  
l i t t l e  d i f f i c u l t y ,  bu t  wi th  more complicated models it is  easy t o  g e t  
i n t o  t roub le  o r  t o  be  unnecessar i ly  restrictive. 
6 , l  Purposes 
This s e c t i o n  contains  a 
For t h i s  d i scuss ion ,  acce lera ted  t e s t i n g  is  divided i n t o  four  
classes: explora t ion ,  improvement, screening,  and predic t ion .  Exploration 
covers e a r l y  tests which are run f o r  t he  purpose of accumulating genera l  
experience and is not  discussed i n  d e t a i l ,  
i n  t he  l i t e r a t u r e ,  
Rarely are such tests reported 
eason f o r  acce lera ted  t e s t i n g  is  t o  compare product o r  process 
changes f o r  t h e  purpose of improving and optimizing them. The major assump- 
t i o n  t h a t  i s  made, and it i s  important,  is t h a t  t he  q u a l i t i e s  o r  goodness 
being measured w i l l  keep t h e i r  relative ranking regard less  of the degree 
of acce le ra t ion ,  One way t o  check on t h i s  assumption is t o  see i f  the  
f a i l u r e  modes have changed because of t h e  acce le ra t ion  (Sec. 2.6 discusses  
the d i f f i c u l t i e s  i n  making t h i s  dec is ion) .  
i n  t he  l i t e r a t u r e .  Generally,  t h e  d e t a i l  of repor t ing  i s  n o t  s u f f i c i e n t  t o  
know how c a r e f u l  t he  inves t iga to r s  were, bu t  most of t h e  cases are reported 
as i f  they were done w e l l  (which is  t o  be  expected). 
ing  t h e  product via acce lera ted  tests i s  t o  increase  t h e  s e v e r i t y  level 
A few such tests have been reported 
Another way of improv- 
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enough, s o  t h a t  f a i l u r e s  are generated i n  a reasonable  t i m e .  These 
f a i l u r e s  are analyzed, phys i ca l ly  and by mathematicalmodels ,  t o  see i f  
they could occur i n  t h e  f i e l d .  
t he  f a i l u r e  mechanism (taking care, of course, not t o  genera te  o the r  worse 
ones). Some f a i l u r e  mades/mechanisms discovered i n  t h i s  way may no t  be  
de t r imen ta l  i n  t h e  f i e l d ,  bu t  g e t  i n  t h e  way of a good burn-in, o r  mask 
o the r  f a i l u r e  mechanisms during acce le ra t ed  t e s t i n g ,  so they are eliminated 
f o r  t h a t  reason. 
uniformly reasonable and good. 
makes i t  one of t h e  most powerful reasons f o r  using acce lera ted  t e s t i n g .  
In t h e  Summary Charts f o r  each component (Sections 7-10), explora t ion  
and improvement are c a l l e d  q u a l i t a t i v e  app l i ca t ions .  
app l i ca t ions  are c a l l e d  quan t i t a t ive .  
I f  they could, changes are made t o  e l imina te  
The r e p o r t s  of t h i s  kind of acce lera ted  t e s t i n g  are 
It i s  a d i f f i c u l t  thing t o  go wrong on--which 
The remaining two 
Many screening tests are run a t  h igh  s e v e r i t y  levels, both t o  make 
them more e f f i c i e n t  i n  f ind ing  weak devices and t o  shor ten  t h e  test t i m e .  
Such burn-in screens are not  covered i n  d e t a i l  i n  t h i s  r epor t  because they 
do not  r ep resen t  a problem area i n  i n t e r p r e t i n g  acce le ra t ed  t e s t i n g .  This 
reg ion ,  a l s o ,  tends t o  have r e p o r t s  i n  t h e  l i t e r a t u r e  which are d i f f i c u l t  
t o  c r i t i c i z e .  
The l a r g e s t  con t rove r s i a l  purpose f o r  acce le ra t ed  t e s t i n g  is t o  make 
p red ic t ions  about t h e  behavior of t h e  product a t  usua l  opera t ing  conditions.  
Ext rapola t ion  is  then necessary ( see  a l s o  See 5) and t h e  s i t u a t i o n  becomes 
more d i f f i c u l t  f o r  two reasons: 1 )  
on t h e  assumptions and 2) t h e  assumptions are much less sure.  
The r e s u l t s  depend much more heavily 
The most 
common c r i t i c i s m  of papers which r e p o r t  p red ic t ions  is  t h a t  they do 
not d i scuss  these  two d i f f i c u l t i e s  enough. It is hard t o  say how much 
success t h a t  t h e  approaches f o r  p red ic t ion  have achieved s i n c e  t h e  t r u e  
answers are r a r e l y  known. But p red ic t ions  are o f t e n  made and, n a t u r a l l y ,  
v i r t u a l l y  a l l  of t h e  papers appearing i n  t h e  l i t e r a t u r e  r e p o r t  success 
(or  a t  least do t h e i r  b e s t  t o  put  on a good f r o n t ) .  
t o  say what t h e  e x t e n t  of a p p l i c a b i l i t y  of t h i s  kind of ex t r apo la t ion  is, 
f o r  t h e  same reasons. 
t h a t  t he  model be hypothesized f i r s t ,  t h e  concepts c l e a r l y  defined, t h e  
ana lys i s  w e l l  worked ou t ,  and t h e  unca lcu la tab le  r i s k s  c l e a r l y  s t a t e d .  
It i s  l ikewise  d i f f i c u l t  
When ex t r apo la t ion  is  used i t  is  extremely important 
Then 
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one should always c a l c u l a t e  t h e  unce r fa in t i e s  involved under t h e  
assumption t h a t  h i s  model is cor rec t .  
such models and see i n  what way h i s  course of a c t i o n  is  inf luenced by 
t h e  choice of model, 
H e  may even wish t o  t r y  several 
I n  genera l  t h e  approaches repor ted  i n  t h e  l i t e r a t u r e  are q u i t e  
appl icable  and can g ive  good r e s u l t s .  
in f requent ,  usua l ly  run  i n t o  t roub le  on a poor incons i s t en t  set of 
assumptions, i n c o r r e c t  ana lys i s ,  and/or no ca l cu la t ions  of unce r t a in t i e s  
i n  the  answers. 
The poor papers,  which are not  
A l l  of t hese  r e in fo rce  a f a l s e  sense of accuracy. 
6 .2  Kinds of approaches 
There are th ree  b a s i c  approaches t o  acce lera ted  t e s t i n g ,  no t  a l l  
of which are mutually exclusive,  they are matrix test ,  cons tan t -s t ress  
tes t ,  and s t ep - s t r e s s  test. 
cated than these  reported i n  the  l i t e r a t u r e ,  eg, random stresses are 
r a r e l y  reported as being used f o r  acce lera ted  t e s t i n g .  
approaches has  been explained i n  earlier sec t ions .  
Very seldom does one see anything more compli- 
Each of t hese  
Constant-stress tests are the  o ld  standby and are v i r t u a l l y  always 
appl icable .  The r e s u l t s  are e a s i l y  analyzed without  too complicated a 
model and i n  f a c t  one can do nonparametric i n t e rpo la t ion ,  eg,  f o r  f r a c t i o n  
s u r v i v a l  curves. 
and enjoy considerable  success i n  t h i s  r o l e .  
D i f f i c u l t i e s  do arise, usua l ly  from inadequate da t a ,  when one tries t o  
hypothesize d i s t r i b u t i o n s  f o r  t h e  f a i l u r e  behavior a t  each stress and t o  
show how the  parameters of these  d i s t r i b u t i o n s  are a func t ion  of stress. 
The more common assumptions are logNorma1 o r  Weibull with t i m e ,  wi th  one 
o r  both parameters changing as a func t ion  of stress, The problem involved 
i n  f i t t i n g  t h e  da t a  t o  a model is t h a t  t he  a b i l i t y  t o  d iscr imina te  between 
t h i s  model and some o the r  model is r a t h e r  poor, because t h e  d a t a  tend to  
have much scatter and t o  be r a t h e r  sparse .  
b i l i t y  t a i l  regions are frequent  and ill advised. 
Resul ts  from these  tests are used f o r  ana lys i s  of designs 
(See t h e  example i n  Appendix F.) 
. 
Extrapolat ions i n t o  low proba- 
Matrix tests are o f t en  a s ign  t h a t  a s t a t i s t i c i a n  has been assoc ia ted  with 
the  p ro jec t ,  
b i l i t i e s ,  exce l l en t  r e s u l t s  can be re turned  f o r  t h e  resources  expended. 
I f  he and t h e  engineer have properly shared t h e i r  responsi- 
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It is most important t h a t  a model be e x p l i c i t l y  recognized by the  engineer 
( i n  add i t ion  t o  t h e  s t a t i s t i c i a n )  and t h a t  he  understand a l l  of t h e  
assumptions involved i n  t h e  s ta t i s t ica l  ana lys i s  which w i l l  b e  made. 
It is up t o  t h e  engineer t o  make a f i n a l  dec is ion  on t h e i r  adequacy. 
o f t e n  the  r e s u l t s  of such tests are f i t t e d  by a quadra t ic  sur face ;  i f  so ,  
watch out  f o r  t h e  dangers mentioned i n  Sec. 5. It is advisable ,  i f  i t  i s  
economically f e a s i b l e ,  t o  have enough r e p l i c a t i o n  and t o  have maximum 
completeness of t he  f a c t o r i a l  design, so  t h a t  t h e  assumptions can be 
checked with regard t o  t h e  constancy of t h e  var iance and the  lack of 
i n t e rac t ions .  Matrix tests have achieved success f o r  many e l e c t r o n i c  
components and are always appl icable .  One should v i r t u a l l y  always consul t  
a s t a t i s t i c i a n  when using a matrix test s i n c e  h i s  advice may e a s i l y  pay 
f o r  i t s e l f .  The exact  design of t he  experiment i s  i n s e n s i t i v e  t o  the  
amount of acce le ra t ion  of the  test  and thus is not  covered i n  t h i s  repor t .  
I n  laying out  the  mat r ix ,  e spec ia l ly ,  a s t a t i s t i c i a n  can g ive  invaluable  
help i n  deciding a t  what po in ts  da t a  should be taken. 
design w i l l  depend on the  p a r t i c u l a r  q u a n t i t i e s  one wishes t o  estimate from 
the  da ta ,  what i t  i s  about the  test one wishes t o  optimize, and what assump- 
t i ons  one is wi l l i ng  t o  make about the  behavior of t h e  system. 
Very 
The exact experimental 
Occasionally i n  t h e  course of exploratory work something similar t o  
a matrix test w i l l  be run. 
about consul t ing a s t a t i s t i c i a n .  I f  one is  consulted i t  would be w i s e  t o  
emphasize t o  him the  exploratory na ture  of the  experiments and t o  ask help 
i n  determining how much r e p l i c a t i o n  t o  use and where t o  put  the  poin ts  t o  
g e t  t he  most information about t he  process.  Repl icat ion and the  order  i n  
which tests are run can be most important. For example i n  a semiconductor 
furnace the  t i m e  sequencing of runs can be very important due t o  build-up 
on the  w a l l s  of t h e  furnace tube. 
I n  t h a t  case the  engineer can do as he  p leases  
S tep - s t r e s s  tests are o f t en  used f o r  q u a l i t a t i v e  purposes, i n  which 
case no formal model is  required.  
with t h e  quest ion of cumulative damage and i ts  e f f e c t  on the  r e s u l t s .  
The a p p l i c a b i l i t y  and success of t h i s  approach f o r  t he  q u a l i t a t i v e  purpose 
of planning more r e f ined  tests, o r  j u s t  f o r  exploratory purposes--to f ind  
It is not  even necessary t o  be concerned 
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out  what b a l l  park t h e  game is  being played in--are considerable.  
s t r e s s i n g  is  economical of specimens, g ives  u s e f u l  r e s u l t s ,  and can b e  
as r ap id  as des i red ,  See Sec, 3 . 2  (p. 17) f o r  a d e t a i l e d  d iscuss ion  of t h e  
concepts, S tep-s t ress  tests are a l s o  used where ex t r apo la t ion  is des i red ,  
and i n  t h i s  region th ings  become hazy. 
no t  clear, e spec ia l ly  f o r  example, t h e  a s s e r t i o n  t h a t  t h e  stress a t  f a i l u r e  
Step- 
Some po in t s  i n  t h e  l i t e r a t u r e  are 
has a p a r t i c u l a r  d i s t r i b u t i o n .  
does no t  appear t o  be considered, y e t  i t  i s  easy t o  i n f e r  t h a t  t he re  w a s  
some earlier model which would p r e d i c t  such behavior. 
of success of such an app l i ca t ion  seems more i n  s p i t e  o f ,  than because o f ,  
t he  exac t  model chosen. U n t i l  much more ana lys i s  of t h e  appl icable  theory 
i s  ava i l ab le  be  very c a r e f u l  about using s tep-s t ress ing  f o r  q u a n t i t a t i v e  
ex t r a p  o l a  t i o n  
The a p p l i c a b i l i t y  of cumulative damage 
Often the  ex ten t  
Step-stressing has been compared success fu l ly  with cons tan t -s t ress  
tests, To do so r equ i r e s  some theory of cumulative damage as mentioned i n  
Sec. 3 .  The only theory appearing s o  f a r  i n  t h e  e l e c t r o n i c s  l i t e r a t u r e  i s  
t h e  l i n e a r  theory of cumulative damage and no unsuccessful  appl ica t ions  
have been reported.  
o r  t h a t  t h e  ex ten t  of success  is always easy t o  judge, Some minor devia- 
t i o n s  from the  l i n e a r  theory have been reported f o r  capac i tors  ( i n  f a c t  
capac i tors  are about t he  only p lace  t h a t  t h e  theory of cumulative damage 
has been appl ied)  and were used as a t o o l  t o  explore  inadequacies i n  the  
o r i g i n a l  models, The approach of using s t ep - s t r e s s  compared t o  constant- 
stress via a cumulative damage theory is q u i t e  appl icable  anytime. 
This of course is n o t  t o  say t h a t  t he re  were n o t  any,, 
A s  a r u l e  of thumb on the  a p p l i c a b i l i t y  of each approach, remember t h a t  
f o r  eyeba l l  r e s u l t s  they are a l l  good, t h e  more q u a n t i t a t i v e  and less eye- 
b a l l i s h  the  more necessary a s t a t i s t i c i a n ,  
6 . 3  T e s t  designs,  methods, and programs 
OR simple tests, where the  engineer  understands t h e  models and 
methods of ana lys i s ,  and where they are not  c r i t i ca l  anyway, t he re  is no 
need t o  consul t  a S t a t i s t i c i a n ' .  For o the r  s i t u a t i o n s  t h e r e  w i l l  be g ive  
Consulting a s t a t i s t i c i a n  can o f t e n  be  a simple phone call ,  It need 
no t  always involve e l abora t e  expensive consul t ing sess ions .  
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and take  between t h e  engineer and t h e  s t a t i s t i c i a n .  Usually t h e  engineer 
w i l l  want more than h i s  resources can g e t .  From the re  on i n  t h e  engineer 
w i l l  be making t r adeof f s  (giving up some of h i s  requirements, making less 
acceptable assumptions, etc.--tradedowns would be  more d e s c r i p t i v e ) .  It 
helps i f  t h e  engineer knows some of t h e  language t h e  s t a t i s t i c i a n  w i l l  use-- 
Ref. 1 w i l l  be h e l p f u l  here--so t h a t  he  can c a r r y  on an i n t e l l i g e n t  conver- 
s a t ion .  I f  you don't  understand--ask (as an engineer ,  
paid t o  be an exper t  s t a t i s t i c i a n ) .  
A few important po in t s  are: 
1 )  I f  poss ib l e ,  e x p l i c i t l y  s ta te  t h e  model which 
before  t h e  tests are run. 
2) 
how you w i l l  perform i t .  
3) Some tests are sequen t i a l  i n  na tu re ,  v i z ,  t h e  
Know what kind of ana lys i s  of t h e  r e s u l t s  you 
you aren'  t g e t t i n g  
is being hypothesized, 
expect t o  perform and 
conditions f o r  t h e  
next  test are determined by t h e  r e s u l t s  of t h e  previous test. Often 
these  kinds of tests w i l l  g i v e  more da t a  i n  t h e  region where it i s  
des i r ed  but t he  ana lys i s  tends t o  be more d i f f i c u l t .  
4 )  
model w i l l  be f u l f i l l e d  i n  t h e  experiments. A s t a t i s t i c i a n  can 
assist i n  determining which ones are c r i t i c a l .  
5) 
mind, bu t  j u s t  f o r  exploratory purposes. Running t h i s  kind 
sequen t i a l ly  can o f t e n  save on the  number of experiments a t  t h e  
expense of consuming more calendar t i m e .  
6 )  
decis ion  t o  a c c e p t / r e j e c t  one o r  t h e  other--a f i g u r e  of m e r i t  (FOM) 
is  used (whether c a l l e d  by some o the r  name o r  no t ) .  
knowing how s e n s i t i v e  the  dec is ion  is  t o  the  chosen FOM. For example, 
one process may have a low mean but  a very narrow spread while  
another process has a high mean and a l a r g e  spread about i t .  
FOM is chosen as the  poin t  estimate above which 50% of the  population 
w i l l  l i e ,  then t h e  second process would be b e t t e r ;  i f  i t  were the 
po in t  above which 99% of t h e  population would be expected t o  l i e  
It is  very unl ike ly  t h a t  a l l  of t h e  assumptions required i n  t h e  
Some experiments are run not  wi th  any p a r t i c u l a r  ana lys i s  i n  
When comparing two products o r  processes--in order t o  make a 
It is worthwhile 
I f  t he  
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then the  f i r s t  process might be b e t t e r .  
process may have much longer l i f e  and fewer defec t ives  but  t h e  
defec t ives  are not  very screenable .  
very screenable  f a i l u r e  modes bu t  t h e r e  are appreciably more defec t ives .  
It would be d i f f i c u l t  t o  say t h a t  t h e  choice of one FOM over another 
w a s  r i g h t  o r  wrong; bu t  s ince  i t  is  important which one is chosen, i t  
pays t o  put  some thought i n t o  it. 
Two t r aps  f o r  t h e  unwary are a )  running what seems t o  be a simple test 
O r  as another example, one 
Whereas another process has 
without having considered what assumptions and ana lys i s  w i l l  be necessary 
and b) running a complicated, expensive, s t a t i s t i c a l l y  designed test 
without having understood a l l  the  assumptions you i m p l i c i t l y  made. 
r e s u l t  e a s i l y  i n  s t acks  of unusable data .  
Both 
A d i f f i c u l t  dec is ion  t o  make is  how t o  a l l o c a t e  resources  between 
planning, running, and analyzing t h e  r e s u l t s .  Even i f  not e x p l i c i t ,  t he  
decis ion is i m p l i c i t l y  made, s ince  some a l l o c a t i o n  w i l l  occur. A s  a r u l e  
of thumb; i f  the  f r a c t i o n  spent  on t h e  tests themselves is  ou t s ide  t h e  
range, say,  30% + 80%, be su re  you have good reasons why. 
These kinds of considerat ions are r a r e l y  discussed i n  the  l i t e r a t u r e  
on acce lera ted  t e s t i n g ;  s o  i t  i s  usua l ly  impossible even t o  i n f e r  what w a s  
done e 
I f  you are i n  doubt about where t o  begin on an acce lera ted  test of a 
device,  the  following sketch w i l l  help.  
1 )  Begin with s t ep - s t r e s s  tests. I f  specimens are r e l a t i v e l y  cheap, 
ad jus t  l a r g e  s t e p s  t o  g ive  f a i l u r e  i n s i d e  one working day. 
24-hr s t e p s ,  with a r ise i n  s e v e r i t y  l e v e l  a t  each s t e p  t o  g ive  
estimated f a i l u r e  i n  a working week, 
s tep-s t ress ing  ( these  may be progressive-s t ress  of course) o r  go t o  
cons tan t -s t ress  tests, (See a l s o  Sec. 3 , 2 ,  3 . 3  f o r  a discussion of the  
important po in t s , )  
2) A t  f i r s t ,  run a subse t  of the  constant  'stress? tests, usual ly  a t  
t he  higher s e v e r i t y  levels and with inexpensive-to-apply- 'stresses ' ,  
These, too,  w i l l  assist i n  f ind ing  ou t  t h e  information you w i l l  need 
t o  plan f u r t h e r  tests. 
run e 
Then t r y  
You can now plan more extensive 
Then more complete tests can be planned and 
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3) I f  des i r ed  t o  run mat r ix  tests, the  tests i n  82 above can be used 
t o  f i l l  some of t h e  c e l l s .  The cells need not a l l  be  run i n  p a r a l l e l ,  
but i f  no t ,  b e  c a r e f u l  of any sequence e f f ec t s - - i s  t h e r e  a pas t -h is tory  
e f f e c t  on the  equipment, w i l l  t h e r e  be personnel  changes, w i l l  t h e  
t i m e  of year  a f f e c t  anything (eg, humidity), etc.? Sequence e f f e c t s  
and o the r  b i a s e s  can be insidious--randomization he lps  sometimes. 
4 )  Models f o r  t h e  behavior are crea ted  and modified a l l  along the way. 
I n  t h e  absence of good reasons otherwise,  t r a d i t i o n a l  models (eg, 
Arrhenius f o r  temperature) are usua l ly  used. 
6.4 Mathematical models f o r  t i m e  t o  f a i l u r e  
The models most o f t e n  used are shown i n  t h e  Table. The Weibull has 
another common form i n  which a' + a; t h i s  l a t te r  has t h e  disadvantage t h a t  
a and t do not  have t h e  same u n i t s .  The r e l i a b i l i t y ,  R,  always decreases.  
The behavior of t h e  hazard rate is l i s t e d  f o r  each d i s t r i b u t i o n .  The expon- 
e n t i a l  and Weibull d i s t r i b u t i o n s  can have an e x t r a  parameter added. 
It i s  d i f f i c u l t  t o  d i s t i n g u i s h ,  from t h e  da t a ,  between a logNorma1 and 
the  Weibull, e s p e c i a l l y  i f  t h e r e  are less than about 10 po in t s .  
i n  t he  da t a  (due t o  random s e l e c t i o n  and due, perhaps, t o  n e i t h e r  model's 
being q u i t e  c o r r e c t )  w i l l  be too g r e a t  i n  e i t h e r  case. 
The s c a t t e r  
Often i n  the  l i t e r a t u r e  when one of these  d i s t r i b u t i o n s  does not f i t  
t he  d a t a  w e l l  enough, t h e  graph i s  segmented and a sepa ra t e  d i s t r i b u t i o n  
i s  f i t  t o  each segment. Unless the re  are compelling phys ica l  reasons f o r  
doing so  ( these  can be discovered before  o r  a f t e r  such segmentation and 
f i t t i n g ) ,  segmentation should be  avoided (except during "playing with t h e  
data"). 
thereof .  Sometimes a somewhat more complicated, o r  even j u s t  d i f f e r e n t ,  
d i s t r i b u t i o n  w i l l  f i t  t he  d a t a  adequately. 
It i s  b r u t e  f o r c e  f i t t i n g  and s u f f e r s  a l l  t h e  disadvantages 
The mathematical models as r e l a t e d  t o  s e v e r i t y  level are discussed 
below i n  Sec 6.5. 
6.5 
When l i f e  measurements are taken a t  a high seve r i ty - l eve l  and need t o  
be transformed t o  another s e v e r i t y  level (where no measurements have been 
taken) what kind of transformation should be  used? There is no one r i g h t  
answer t o  t h i s  ques t ion  -- several methods are poss ib l e  which do no t  
lead t o  l o g i c a l  cont rad ic t ions .  
be used toge ther  and may no t  be  always d i f f e r e n t .  
Mathematical models v s  s e v e r i t y  l e v e l s  
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1) Use a t i m e  transformation. 
t he  parameters of t h a t  funct ion are presumed t o  be a func t ion  of 
s e v e r i t y  l eve l .  The r e l i a b i l i t y  func t ion  may not  be of t he  same func- 
t i o n a l  form at  each s e v e r i t y  l eve l .  The o r i g i n  of t i m e  should be 
preserved i n  t h e  t ransformation t o  avoid l o g i c a l  cont rad ic t ions .  
A func t ion  of t i m e  i s  hypothesized and 
L 
Examples of s a t i s f a c t o r y  transformations are t -f a t ,  and t + t / to 
1 
(a, t are constants  wi th  t i m e ,  but  are func t ions  of s e v e r i t y  level). 
2) Transform the  hazard rate. 
hazard rate are presumed t o  be some funct ion of s e v e r i t y  leve l .  
Examples a r e  h = (V/Vo)a, h = exp(A-E/kT), where V o ,  a, A, E ,  k are 
constants  with t i m e  and sever i ty- leve l ,  V i s  appl ied vol tage,  T is  
temperature. 
3) Transform the  parameters i n  the  R e l i a b i l i t y  func t ion  (Probabi l i ty  
of success) .  
d i s t r i b u t i o n  i s  a funct ion of temperature, b) t h e  mean of a Normal 
d i s t r i b u t i o n  i s  a funct ion of d i s s ipa t ed  power. 
The models f o r  damage rate are discussed under t h e  individual  compo- 
0 
The parameters of t he  funct ion f o r  
Examples are a) the  loca t ion  parameter i n  the  Weibull 
nents  i n  Sec. 7-10 except f o r  temperature; t he  temperature models a re  
b r i e f l y  compared here. For a more f u l l  d i scuss ion  of these temperature  
models see Sec. 4.  
The Arrhenius equation is  most o f t e n  used as a mathematical model f o r  
temperature behavior. It is always a good choice unless  evidence e x i s t s  
t o  the  contrary (eg, the  f a i l u r e  mode may be known t o  change d r a s t i c a l l y  
a t  an intermediate  temperature). Sometimes the  d a t a  can be divided i n t o  
p a r t s  (eg, on the bas i s  of f a i l u r e  mode), so  t h a t  each p a r t  has Arrhenius 
behavior. Exponential temperature behavior (eg,  a doubling temperature) 
has o f t en  been used i n  l i e u  of the  Arrhenius equation. Rarely w i l l  the  
da ta  be ab le  t o  d i s t ingu i sh  between t h e  two. 
i n t o  the  ca l cu la t ions  bes t  should be used. 
parameter f o r  cumulative damage is wrong as mentioned earlier. 
however, be used f o r  a given event;  i t  w i l l  be equivalent  t o ,  but  more 
spec ia l ized  than, t he  Arrhenius model. 
The model which w i l l  f i t  
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The c h a r t  "L i t e ra tu re  summary--Philosophical, Theore t ica l ,  General" 
summarizes the  l i t e r a t u r e  which dea l s  w i th  t h e  genera l  na ture  and philosophy 
of acce le ra t ed  t e s t i n g ,  o r  which develops some of t h e  theory,  i e ,  
mathematical models. 
52 
7. Res i s to r s  
7,O Res i s to r s  have t h e  d i s t i n c t  advantage of being about t h e  only 
e l e c t r o n i c  p a r t  f o r  which t h e  system s ta te  o f t e n  has one dimension 
(component). 
t r e a t e d  on t h e  b a s i s  of t h e  simple s t r e s s - s t r eng th  model (described i n  
Sec. 2.2.1). The usua l  s i t u a t i o n s  are t o  run e i t h e r  a proof test t o  see 
i f  t he  r e s i s t o r  can withstand a c e r t a i n  mechanical stress o r  a c t u a l l y  t o  
measure i ts  s t r eng th .  Very seldom indeed w i l l  one of t hese  mechanical 
f a c t o r s  be p a r t  of t h e  ambient i n  a mat r ix  test. 
material surrounding t h e  r e s i s t o r ,  such as sal t  spray o r  humidity, is 
usua l ly  l e f t  t o  acceptance o r  q u a l i f i c a t i o n  tests s p e l l e d  out  i n  
M i l  Specs o r  o the r  purchasing documents. 
Mechanical f a c t o r s  such as shock and v i b r a t i o n  are usua l ly  
The composition of t h e  
This leaves t h r e e  f a c t o r s  f o r  running a mat r ix  test. The r e s i s t a n c e  of 
t h e  r e s i s t o r ,  t h e  ambient temperature, and t h e  power being d i s s ipa t ed  i n  t h e  
r e s i s t o r .  
temperature, bu t  as described i n  Sec. 3.1 these  are e f f e c t i v e l y  cons tan t  
s eve r i ty - l eve l  tests. The temperature considered is  very o f t e n  t h e  hot- 
spo t  temperature on the  r e s i s t o r ;  a t  o the r  t i m e s  i t  is j u s t  t h e  ambient 
temperature. For some kinds of r e s i s t o r s  under some conditions,  t h e  
proport ion of ambient v s  power t h a t  goes t o  make up a given hot-spot 
temperature is  important. 
t r e a t e d  as a pe r tu rba t ion  on t h e  hot  s p o t  temperature. 
tests o f t e n  g ive  d i f f e r e n t  r e s u l t s  due t o  aggravat ion of d i f f e r e n t  f a i l u r e  
mechanisms. 
because these  he lp  i n  determining what kinds of damagers t o  apply during t h e  
test. 
Various modif icat ions may inc lude  a cycling e f f e c t  of power and/or 
Usually t h e  e f f e c t  of power d i f f e rences  can be 
Operating vs s to rage  
It is  important t o  be  aware of f a i l u r e  modes and mechanisms 
The d e f i n i t i o n  of f a i l u r e  is important e s p e c i a l l y  if t h e  r e s i s t o r s  
change t h e i r  r e s i s t a n c e  but  s l i g h t l y .  
wherein the  d e f i n i t i o n  of t h e  parameter being monitored had t o  b e  changed 
There are examples i n  t h e  l i t e r a t u r e  
a f t e r  t he  test began, and where t h e  u n c e r t a i n t i e s  i n  measurement were an 
apprec iab le  f r a c t i o n  of t h e  changes taking place.  
Ext rapola t ion  from acce le ra t ed  conditions can be  c a r r i e d  out  reasonably 
w e l l  l a r g e l y  because (as mentioned i n  Sec. 5.2) t h e  ex t rapola ted  f a i l u r e  
rate w i l l  u sua l ly  be s m a l l  enough s o  t h a t  some uncer ta in ty  i n  t h e  model f o r  
ex t r apo la t ion  is  unimportant. 
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The cha r t  "L i t e ra tu re  Summary--Resis t o r s "  summarizes t h e  l i t e r a t u r e  
on acce le ra t ed  t e s t i n g  of r e s i s t o r s .  The test design, methods, and 
programs w e r e  a l l  reasonably s a t i s f a c t o r y  f o r  purposes a t  hand as f a r  
as can be determined from the  papers. 
good, and the s p e c i f i c  reviews should be consulted f o r  d e t a i l s .  
The analyses were no t  uniformly 
There are no d e f i n i t i v e  methods f o r  acce le ra t ed  t e s t i n g  of r e s i s t o r s  
and subsequent ex t r apo la t ion  t o  opera t ing  conditions.  Each case w i l l  
depend on how much t h e  engineer does know and suspec t  about t h e  behavior 
of t h e  r e s i s t o r s ,  what assumptions he is  w i l l i n g  t o  make, what resources 
he has a v a i l a b l e  f o r  t h e  tests and f o r  planning them, and what he r e a l l y  
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Number tested per run (or) altogether Test time caldendar hr.(or) totai device hr. 
2 4 
'"4 6 2 2 3  
2 3 3 6 
Small 1-10 1-100 Short < 10 
Medium 10-10 io2 -103 Medium 10 -10 10 -10 
Large 10 > 10 Long > 10 >10 
? -+ unknown or not clear 
(blank) + not applicable 
Weib -t Weibull 
EXP -t exponential 
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8. Capacitors ( d i e l e c t r i c s )  
8.0 The desc r ip t ion  of capac i tors  i s  no t  very complicated (compared 
t o  t r a n s i s t o r s ,  say).  There are very r a r e l y  more than t h r e e  parameters 
being considered f o r  any one capacitor--usually capaci tance , d i s s i p a t i o n  
f a c t o r ,  and i n s u l a t i o n  r e s i s t a n c e  (leakage cur ren t ) .  Some very extensive,  
expensive matr ix  tests have been run on several capac i tors ,  eg,  tantalum 
e l e c t r o l y t i c  and g l a s s ,  f o r  p red ic t ing  t h e  hazard rate vs stress and/or 
burn- i n .  
The two components of a s e v e r i t y  level f o r  most capac i tors  are v i r t u a l l y  
always considered t o  be appl ied  dc vo l t age  and ambient temperature. 
some spec ia l i zed  cases t h e  ac cu r ren t  may a l s o  be a component; i t  can cause 
severe i n t e r n a l  heat ing.  
I n  
The model f o r  appl ied dc  vol tage  (usual ly  abbreviated as j u s t  "voltage") 
is  v i r t u a l l y  always t h e  "power law' ' ,  bu t  occasional ly  i s  exponential .  
power l a w  states t h a t  the  l i f e  of a capac i tor  i s  propor t iona l  t o  some power 
of the  vol tage ,  i e ,  L a Vx. 
i s  not c l e a r l y  defined. It could be  t h e  ind iv idua l  l i v e s ,  some average l i f e ,  
o r  it could b e  r e l a t e d  t o  some parameter of t he  hazard rate. This s i t u a t i o n  
is analyzed i n  more d e t a i l  i n  Sec. 6.5. 
s o  one must be  more s p e c i f i c  i n  any p a r t i c u l a r  s i t u a t i o n .  Most o f t en ,  t h e  
constant  hazard rate hypothesis i s  made, and presumed t o  hold f o r  a l l  s e v e r i t y  
levels being considered. This d r a s t i c a l l y  l i m i t s  (and/or makes equivalent)  
the  p o s s i b i l i t i e s  mentioned i n  Sec. 6.5, v i z ,  t h e  constant  hazard rate ( A )  
is  a func t ion  of vol tage:  
mined from the  data .  This power l a w  is sometimes extended, using l i n e a r  
cumulative damage, t o  say t h a t  t h e  damage rate is  A = h o  (V/Vo)x. 
The 
This s ta tement  is somewhat ambiguous s i n c e  l i f e  
The "law1' is ambiguous t o  t h a t  ex ten t ;  
X 
h = A. (V/Vo) where X o  V o ,  x are t o  b e  deter-  
Occasionally an exponent ia l  form is used, v i z ,  X = h l  exp (V/V2) where 
X, and V2 are determined from the  data .  
"bruteforce'l f i t t i n g  X t o  a l i n e a r  func t ion  of V and T. There are no avail- 
ab le  comparisons of t h e  two models. 
The power l a w  is  o f t e n  used f o r  ex t r apo la t ion  and i n t e r p o l a t i o n  of 
vo l tages  bu t  t he  p a r t i c u l a r  exponent is known t o  vary with t h e  vol tage ,  t he  
temperature, t h e  kind of capac i tor ,  and, most probably, t h e  p a r t i c u l a r  
batch i n  which the  capac i tor  w a s  made. Therefore, t h e  grossness  of t h e  
This is espec ia l ly  t r u e  when 
56 
approximation should be e x p l i c i t l y  s t a t e d  i n  t h e  ana lys i s .  
a wide range f o r  a l l  capacitors--say from 3 t o  12;  assuming something l i k e  
the  f i f t h  power l a w  f o r  a l l  capac i tors  can g ive  extremely misleading answers, 
The Arrhenius equat ion i s  most o f t e n  used f o r  t h e  temperature dependence 
The exponent has  
of d i e l e c t r i c s .  I n  t h i s  case the  hazard rate is constant  w i th  t i m e  ( t h e  
Arrhenius rate is constant  with t i m e )  and is  presumed t o  have t h e  form 
The X = X 
equation is  discussed i n  more d e t a i l  i n  Sec. 4 .1  and is  compared t o  t h e  
d i r e c t  exponent ia l  form 
exponent ia l  form tends t o  be  used i n  matrix experiments and is  used i n  
t h e  "doubling" temperature forms (eg, t h e  rate doubles f o r  a 10°C increase  
i n  temperature).  Some d i e l e c t r i c s  have very s t e e p  Arrhenius curves,  i e ,  
very high a c t i v a t i o n  energies .  Under these  circumstances t h e  bulk of 
damage can b e  done by a few b r i e f  high temperature excursions.  
T o ,  E are determined from t h e  data .  exp(- - -) where X o ,  E E  
0 kT kT 
= XI exp(T/T2). A s  mentioned above, t h i s  d i r e c t  
Some manufacturers l ike  t o  presume t h a t  t h e i r  f a i l u r e  d i s t r i b u t i o n  is 
Weibull wi th  a shape parameter less than l w h i c h  creates a decreasing hazard 
rate. Most o f t e n  i t  i s  presumed t h a t  under acce lera ted  condi t ions t h e  shape 
parameter remains the  same and t h e  loca t ion  parameter fol lows t h e  
Arrhenius equation. 
assumptions very accura te ly .  
Arrhenius curve wi th  a s t r a i g h t  l i n e  drawn among them. 
seldom l i e  anywhere near  a s t r a i g h t  l i n e  and, i n  t h e  absence of p r i o r  in for -  
mation, one would c e r t a i n l y  be  tempted t o  draw a very pronounced curva ture  
i n  the  l i n e  through the  points .  I n  t h e  absence of t h i s  p r i o r  o r  extra 
information no one can say what ought t o  be  done, and t h i s  i l l u s t r a t e s  t h e  
d i f f i c u l t i e s  wi th  using acce lera ted  t e s t i n g  f o r  q u a n t i t a t i v e  pred ic t ion .  
Very seldom are enough tests run  t o  check ou t  these  
Usually t h e r e  are only three po in t s  f o r  an 
These th ree  poin ts  
The cha r t  "L i t e ra tu re  Summary--Capacitors , Dielectrics" summarizes 
the  l i t e r a t u r e  on acce lera ted  t e s t i n g  of capac i tors .  A s  f a r  as can be  
determined, t h e  test designs and methods were reasonable f o r  t h e  s t a t e d  o r  
implied purposes. Where poor p r a c t i c e  w a s  ev ident ,  it w a s  v i r t u a l l y  always 
i n  t h e  ana lys i s  and due t o  not  r e a l i z i n g  t h e  l i m i t a t i o n s  of t he  
a n a l y t i c l s t a t l s t i c a l  procedures being used. 
consulted f o r  d e t a i l e d  comments. 
Spec i f i c  reviews should be 
There are no d e f i n i t i v e  methods f o r  acce lera ted  t e s t i n g  of capac i tors  
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005 013 
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Yes yes yes Yes yes yes no ? Yes 
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078 034 035 040 045 050 054 055 057 058 060 068 075 
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exp ? ? 
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L L L 
L 
L 
no yes  no no no none no no no no no no no 
? yes Y e s  yes  yes  no yes yes yes yes  Yes Yes 
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l a r g e l y  on t h e  resources a v a i l a b l e  f o r  t h e  test. 
influenced by how much p r i o r  knowledge and guesses t h e  engineer is w i l l i n g  
t o  use,  what assumptions he is w i l l i n g  t o  make ( t h e  fewer t h e  resources,  
t he  more encompassing w i l l  be  t h e  assumptions), and what information he  
needs from t h e  tests. Def in i t i on  of f a i l u r e ,  w i th  t h r e e  performance 
parameters a v a i l a b l e ,  w i l l  be an important i n f luence  on t h e  outcome of 
t he  experiments. 
Deta i led  p lans  are 
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9. Discre te  semiconductors 
This s e c t i o n  covers both diodes and t r a n s i s t o r s ;  t h e i r  methods of 
The system state f o r  t hese  is  r a t h e r  acce le ra t ion  are q u i t e  similar. 
complicated s i n c e  t h e r e  are usua l ly  q u i t e  a few parameters t h a t  can be 
important. A s  with r e s i s t o r s  and capac i to r s ,  t h e  mechanical and some 
environmental cons idera t ions  such as shock, humidity, and sal t  spray ,  
are taken care of with the  s t r e s s - s t r eng th  model of f a i l u r e  and 
acceptance/qualification t e s t i n g .  
l i t e r a t u r e  about whether t he  l i f e  d i s t r i b u t i o n  of t hese  devices is log- 
Normal, exponential ,  o r  Weibull. It is probably not poss ib l e  t o  d i s t i n -  
guish between logNorma1 and Weibull wi th  t h e  accuracy of t h e  d a t a  usua l ly  
ava i l ab le .  I n  t i m e s  p a s t  of course t h e  exponential  d i s t r i b u t i o n  w a s  most 
o f t e n  assumed. Then manufacturers became concerned t h a t  t h e i r  devices 
might not be g e t t i n g  a f a i r  shake, and showed tes t  r e s u l t s  t o  demonstrate 
t h a t  t h e  devices had a Weibull d i s t r i b u t i o n  wi th  shape f a c t o r  less than 1 
(decreasing hazard rate). 
devices which are w e l l  screened w i l l  have an exponential  d i s t r i b u t i o n .  
There i s  no reason a p r i o r i  why any p a r t i c u l a r  one of the t r a c t a b l e  dis- 
t r i b u t i o n s  should f i t  t h e  d a t a  exac t ly ,  and any a s s e r t i o n s  about what 
must be t r u e  are usua l ly  d e f i n i t i o n s  of something i n  t h e  a s se r t ion .  
example, one might say t h a t  a properly screened batch of t r a n s i s t o r s  w i l l  
have a cons tan t  hazard rate. 
There is some disagreement i n  the  
More r ecen t ly  the re  have been a s s e r t i o n s  t h a t  
For 
This i s  a d e f i n i t i o n  of "properly screened". 
Temperature acce le ra t ion ,  f o r  most f a i l u r e  modes, i s  t h e  usua l  kind 
of acce lera t ion .  
n e n t i a l  is  used occasionally.  Section 6.5 eva lua tes  t h e  two. Junction 
temperature is presumed t o  be t h e  key t o  f a i l u r e  behavior. Since the  
junc t ion  temperature is not d i r e c t l y  measured bu t  is  i n f e r r e d  from 
e l e c t r i c a l  parameter measurements, t h e r e  has been some discuss ion  i n  t h e  
l i t e r a t u r e  about t h e  b e s t  way of es t imat ing  t h i s  junc t ion  temperature. 
Differences are observed with power-on vs  power-off tests which are 
assoc ia ted  wi th  su r face  e f f ec t s , eg ,  i on  migration. P a r t  of t h e  discrep- 
ancy between power-on and power-off tests has been ascr ibed  t o  poor 
procedures i n  es t imat ing  t h e  junc t ion  temperature and i n  ca l cu la t ing  t h e  
d i s s ipa t ed  power. The f a i l u r e  mechanism may be  a func t ion  of vo l tage  o r  
The Arrhenius model is  t h e  most common one but  t he  expo- 
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cur ren t  l e v e l s  and, i f  so ,  i t  w i l l  he lp  i f  the  da t a  are segregated. 
It is r e l a t i v e l y  easy t o  design matr ix  tests on a t r a n s i s t o r  o r  
diode with var ious vol tages ,  cu r ren t s ,  and ambient temperatures. It 
i s  much more d i f f i c u l t  t o  run them because it involves  very expensive 
apparatus and a g r e a t  amount of t echn ica l  t i m e .  Furthermore i t  is not  
known how the  parameters i n  the  model are a f f ec t ed  by process changes, 
eg,  a c t i v a t i o n  energ ies  i n  the  Arrhenius equation. 
When matr ix  tests are run,  and a nonl inear  equation is t o  be f i t t e d  
t o  the  ln(A),  (A = constant  hazard rate), i t  is  not necessary t o  use  
as t h e  parameters t o  be  var ied.  Since input  and Tambient 
P 
i t  may be w i s e  t o  r o t a t e  the  coordinate input  -I- Tambienty Tjunct ion  = ep 
would be one new coordinate  and "input 4- Tambient system; 
Tambient e input  
of t h e  crossproduct terms ( in t e rac t ion  e f f e c t s ) .  
- could be the  o ther .  This may help t o  e l iminate  some 
Accelerated tests are used t o  eva lua te  process changes and the  presump- 
t i o n  is usua l ly  made t h a t  t he  comparison a t  acce lera ted  conditions i s  t h e  
same comparison t h a t  would have been made a t  the  s tandard conditions.  This 
is not  known t o  be t rue ;  o f t e n  the re  are few i f  any d a t a  t o  s u b s t a n t i a t e  
the assumption. But p a r t  of the  essence of engineering is making decis ions 
i n  the  f ace  of inadequate data.  Running t h e  tests and making the  decis ion 
is b e t t e r  than not  running t h e  tests and making a decision. It is not  t he  
purpose of t h i s  r epor t  t o  decry t h i s  p rac t i ce ,  bu t  merely t o  poin t  ou t  
t h a t  the  engineer using h i s  judgment should know where he is guessing and 
know where t h e r e  are reasonable f a c t s  t o  back him up. 
With the  very long-lived devices now ava i l ab le ,  acce le ra ted  tests are 
As mentioned i n  Sec. 5.2, t he  only way of es t imat ing the  l i f e  of devices.  
i f  t he  ex t rapola ted  values  are good enough, regard less  of t he  exact  form 
of the  model, then t h e  exact  form of the  model is not c r i t i c a l  and need not  
be worried about. 
The q u a l i t a t i v e  uses f o r  acce lera ted  t e s t i n g  which were mentioned i n  
Sec. 1 are very important f o r  semiconductors. Some f a i l u r e  modes have 
been corrected,  no t  because they were expected t o  cause d i f f i c u l t i e s  under 
operat ing condi t ions but  because they go t  i n  t h e  way of observing o the r  
f a i l u r e  modes on acce lera ted  tests. 
62 
The cha r t  "L i t e ra tu re  Summary--Dis Crete Semiconductors" summarizes t h e  
l i t e r a t u r e  on acce lera ted  t e s t i n g  of d i s c r e t e  semiconductors. The test 
designs and methods were reasonable when compared t o  t h e  resources probably 
a v a i l a b l e  t o  run them. Some of t h e  analyses w e r e  not explained very w e l l - -  
e s p e c i a l l y  f o r  s t ep - s t r e s s  tests. As mentioned i n  Sec, 6,  a reasonably con- 
vincing background should b e  a v a i l a b l e  before  using a model. 
reviews g ive  more d e t a i l  on t h i s  point .  
described i n  t h e  l i t e r a t u r e  which w a s  surveyed; t h i s  is  probably i n d i c a t i v e  
of the h igh  cos t s  and d i f f i c u l t i e s  involved. 
Spec i f i c  
There were few, i f  any, mat r ix  tests 
There are no d e f i n i t i v e  methods f o r  acce lera ted  t e s t i n g  of d i s c r e t e  
semiconductors and subsequent ex t r apo la t ion  t o  usua l  conditions.  Most 
o f t e n ,  t h e  t e s t i n g  t h a t  can be done w i l l  b e  l imi ted  by t h e  resources (time 
and money, l a r g e l y ) .  Within those l i m i t s ,  d e t a i l e d  p lans  w i l l  be de te r -  
mined by what models one i s  w i l l i n g  t o  assume on the  b a s i s  of too l i t t l e  
evidence. Q u a l i t a t i v e  s t ep - s t r e s s  tests, and burn-in tests seem t o  be 
the l a r g e s t  appl ica t ion .  I n  t h i s  regard,  t h e  work i n  #L-112 involving 
very accura te  measurements of parameter changes under r a t e d  o r  operating 
conditions should be c a r e f u l l y  s tud ied .  
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10. In t eg ra t ed  c i r c u i t s  
The l i m i t a t i o n s  on acce lera ted  t e s t i n g  of i n t eg ra t ed  c i r c u i t s  inc lude  
a l l  of those f o r  d i s c r e t e  semiconductors p lus  o thers .  
c i r c u i t  i s  a much more complex system than a t r a n s i s t o r  o r  a diode; i t  is 
analogous t o  a mechanical system where d i f f e r e n t  kinds of th ings  are 
combined i n  one u n i t .  Accelerat ing t h e  t e s t i n g  i s  d i f f i c u l t  because tempera- 
t u r e  i s  about t h e  only damager t o  which a l l  p a r t s  of t h e  u n i t  may respond 
reasonably w e l l ,  ie, without overloading. 
An in t eg ra t ed  
I n  an in t eg ra t ed  c i r c u i t  a cu r ren t  i nc rease  may be  shared by only 
one o r  two p a r t s  of t he  c i r c u i t  o r  may cause one device t o  overload without 
a f f e c t i n g  the  o the r s .  
t he  breakdown vol tages  of p a r t  of t h e  components are reasonably low while  
o the r s  are f a i r l y  high. Some of t he  p o t e n t i a l  f a i l u r e  modes can be  s tudied  
by themselves without  regard t o  t h e  o ther  por t ions  of t he  c i r c u i t  under 
acce lera ted  tests--channeling and migrat ion of aluminum conductor material 
are examples. 
Increasing the  vol tage  causes problems because 
Where t h e  f r a c t i o n  of f a i l u r e s  i s  extremely s m a l l  t h e  production l i n e  
must be  monitored most c a r e f u l l y  i n  order  t o  avoid t h e  in t roduct ion  of 
gross  i r r e g u l a r i t i e s .  Accelerated t e s t i n g  is  used t o  check f o r  t h i s  without 
t h e  l i m i t a t i o n s  of uneven responsiveness '  being s o  severe. 
On a w e l l  e s t ab l i shed  family of devices ,  t h e  r e l i a b i l i t y  may be so 
high t h a t  s t ep - ' s t r e s s ing '  i s  not  appl icable .  A l l  t h a t  i t  w i l l  f i n d  is 
t h e  sever i ty- leve ls  above which t h e  device ceases t o  be  an in t eg ra t ed  
c i r c u i t ,  i e ,  the  upper l i m i t s  f o r  t h e  s e v e r i t y  l eve l s .  
tests are then run a t  t h i s  l i m i t ,  and i f  no f a i l u r e s  are generated,  
something else must be done. Usually t h i s  w i l l  be t ry ing  t o  go i n s i d e  
the  device t o  make measurements on s p e c i f i c  j unc t ions ,  etc. 
the  t rends  t o  smaller and smaller device areas, even t h i s  w i l l  be d i f f i c u l t .  
Constant- ' s t ress '  
But with 
Not many papers are being published on acce lera ted  t e s t i n g  of i n t eg ra t ed  
c i r c u i t s .  
c h a r t  "Li te ra ture  Summary--Integrated Circui ts" .  
t he  market and t h e  l ack  of spec tacular  successes  t o  r e p o r t  probably account 
f o r  t h e  re luc tance  t o  publish.  
The few t h a t  have been found and reviewed are sumarized i n  t h e  
The competitiveness of 
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There are no d e f i n i t i v e  methods f o r  acce le ra t ed  t e s t i n g  of i n t e g r a t e d  
c i r c u i t s  and subsequent ex t r apo la t ion  t o  usua l  conditions.  I n  t h i s  
respect, i n t e g r a t e d  c i r c u i t s  are probably the  least amenable of t h e  
e l e c t r o n i c  p a r t s  t o  acce lera ted  t e s t i n g .  
can sometimes be acce le ra t ed  on incomplete o r  s p e c i a l  devices and s tud ied  
t h a t  way. 
Ind iv idua l  f a i l u r e  mechanisms 
LITERATURE SUMMARY--INTEGRATED CIRCUITS 
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11. Recommendations 
Now t h a t  t h e  s ta te -of - the-ar t  on acce le ra t ed  t e s t i n g  of e l e c t r o n i c  
p a r t s  has  been summarized, where do w e  go from here? 
f o r  planning acce le ra t ed  tests are given i n  Sec. 6-10. 
can be d i r ec t ed  toward t h e  following areas. 
General i n s t r u c t i o n s  
Useful  research  
1 )  U s e  of p r i o r  knowledge. While a l l  engineers  pu t  t h e i r  knowledge 
t o  use,  i t  is  o f t e n  d i f f i c u l t  t o  put  it i n t o  q u a n t i t a t i v e  form. Even i f  
t h a t  were done, i n t o  what equat ions should it  go? The Bayesian approach 
t o  p robab i l i t y  has some success  i n  t h i s  area, bu t  t h e  problems are f a r  
from solved. One d i f f i c u l t y  is  i l l u s t r a t e d  by t h e  following example. 
Suppose one wishes t o  estimate t h e  f r a c t i o n  de fec t ive  i n  a population. 
The most common t r a c t a b l e  Bayesian approach is equiva len t  t o  assuming 
a p r i o r  number of tests with a c e r t a i n  number of f a i l u r e s ,  both of which 
are merely added t o  the  test r e s u l t s .  
e i t h e r  i n  the  p r i o r  o r  i n  the  tests. Then i t  is f a i r l y  easy t o  show t h a t  
when t h e  test s i z e  is smaller than t h e  p r i o r  s i z e ,  t h e  tests have l i t t l e  
inf luence  on t h e  estimate. When t h e  test s i z e  is l a r g e r  than t h e  p r i o r ,  
t he  p r i o r  w i l l  have l i t t l e  inf luence  on t h e  estimate. 
small  reg ion  where t h e  test  and p r i o r  s i z e s  are about t h e  same t h a t  both 
a f f e c t  t h e  estimate. But t h i s  s i t u a t i o n  is  no t  r e a l l y  what w e  have i n  
mind when w e  speak of using p r i o r  information. 
change our minds, o r  perhaps, w e  can modify t h e  methods. 
Suppose t h a t  t h e r e  are no f a i l u r e s ,  
There is  only a 
It may be t h a t  we have t o  
2) S m a l l  useage electronic/electromechanical p a r t s .  Many p a r t s  are 
used i n  such small q u a n t i t i e s  t h a t  f u l l  scale acce le ra t ed  tests are not  
f e a s i b l e .  
t o  ob ta in  as much knowledge as poss ib l e  about t he  l i k e l y  behavior of a 
p a r t  a t  only a s m a l l  cos t?  
I n  what ways can the  t e s t i n g  be f u r t h e r  compressed/accelerated 
3) In tegra ted  c i r c u i t s .  T e s t s  f o r  i n t eg ra t ed  c i r c u i t s  are d i f f i c u l t  
t o  accelerate because of t h e  he te rogenei ty  of t h e  p a r t s  i n  the  package, 
because t h e  upper limits of s e v e r i t y  level are too  low, because they are 
o f t en  used i n  s m a l l  q u a n t i t i e s ,  and because they must have such a long, 
su re  l i f e .  With t h e  in t roduc t ion  of Large Sca le  In t eg ra t ed  c i r c u i t s ,  t h e  
d i f f i c u l t i e s  are exacerbated and poss ib l e  avenues f o r  s o l u t i o n  are closed o f f .  
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4 )  Cumulative damage models. Only t h e  l i n e a r  theory of cumulative 
damage i s  used f o r  e l e c t r o n i c  pa r t s .  
What kinds of tests are necessary i n  order  t o  g e t  i deas  f o r  them and t o  
check them out?  
What o the r s  might be appl icable?  
5) Damage rate models. About t h e  only models i n  wide use are t h e  
Arrhenius/Eyring model f o r  temperature and t h e  dc-voltage power l a w  f o r  
capac i tors .  
t i o n s  and the  Arrhenius model has d i f f i c u l t i e s  assoc ia ted  wi th  its use. 
For what components is it worth t r y i n g  t o  develop models of damage rate 
vs  seve r i ty - l eve l?  And how should one go about it? 
The power l a w  f o r  capac i to r s  is known t o  have severe l i m i t a -  
6 )  Models f o r  f a i l u r e .  Section 2.2 desc r ibes  some models f o r  f a i l u r e ,  
bu t  t hese  are not  un ive r sa l ly  appl icable .  
example of a device wi th  no c l e a r l y  defined f a i l u r e  models. 
e l e c t r o n i c s  s o  d i f f e r e n t  from metal lurgy i n  t h e  relative abundance of 
f a i l u r e  models? 
undeveloped? 
In t eg ra t ed  c i r c u i t s  are an 
What makes 
Is behavior t h a t  d i f f e r e n t  o r  is e l e c t r o n i c s  merely 
7) Methods of ana lys i s .  Ext rapola t ion  of acce le ra t ed  test r e s u l t s  
r equ i r e s  t h e  use of many models, sometimes i n  sequence. Few engineers are 
aware of t he  s ta t is t ical  methods a v a i l a b l e  f o r  them o r  how t o  use them. 
I n  some cases,  t h e i r  needs are not d i r e c t l y  m e t  by e x i s t i n g  formulas and 
new ones should b e  developed (Appendix C is  an example of such a development). 
The unmet needs must be  i d e n t i f i e d  and then expressed i n  a form so t h a t  
t he  problem implies a so lu t ion .  
t h e i r  p rope r t i e s  evaluated. 
Then t h e  s o l u t i o n s  must be  uncovered and 
8) K-factors. Factors which r e f l e c t  t h e  d i f f e r e n t  s e v e r i t y  of environ- 
ments are o f t e n  appl ied  t o  t h e  hazard rate (presumed cons tan t  with time). 
What r e l a t i o n s h i p s  should be  developed where hazard rate is a func t ion  of 
t i m e ?  This problem is r a i s e d  i n  Sec. 6.5 (#L-089 a l s o  raises and states 
t h e  problem). 
9) Accelerated burn-in. What are t h e  r e l a t i o n s h i p s ,  i f  any, between 
acce lera ted  burn-in and acce le ra t ed  t e s t i n g ?  
of t h e  device has several dimensions and they are not  equal ly  acce lera ted?  
What happens when t h e  state 
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12. Conclusions 
Accelerated t e s t i n g  is important and valuable.  Despite i t s  l i m i t a t i o n s  
i t  w i l l  continue t o  be  used by most everyone because of t h e  higher va lue  
received f o r  t h e  lower expenditure of t i m e ,  money, and material. 
work i n  a world where they must make dec is ions  even though t h e i r  knowledge 
i s  woefully l imited.  They should n e i t h e r  l i s t e n  t o  those who promise t h a t  
acce le ra ted  t e s t i n g  is  t h e  s o l u t i o n  t o  a l l  of t h e i r  problems, nor  t o  those 
who decry it on t h e  b a s i s  of our l imi t ed  knowledge. 
r e p o r t  i s  taken up wi th  t h e  e luc ida t ion  of t h e  underlying concepts and 
equations.  Here again t h e  engineer must steer a s a f e  course between 
deceiving himself and o t h e r s  by t h e  connotations of t h e  phrases used, and 
not worrying about l a b e l s  but understanding t h e  concepts behind them. 
Engineers 
A l a rge  po r t ion  of t h i s  
I f  t h e  engineer does understand t h e  philosophy of acce lera ted  t e s t i n g  
and the  concepts used t o  express t h a t  philosophy, he knows wherein h e  is  
guessing and he knows haw much. I n  t h i s  way he  need not mislead himself 
i n t o  thinking he has done what he  has not. (He can use h i s  own judgment 
about how much he may mislead o the r s ,  eg,  bosses and p r o j e c t  monitors.) 
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N a m e s ,  De f in i t i ons ,  and I l l u s t r a t i o n s  Related 
t o  P robab i l i t y  of Success 
There is some a r b i t r a r i n e s s  i n  these  d e f i n i t i o n s  and names s i n c e  t h e r e  
are no standards.  
i s  used i n  t h e  ca lcu lus  and they apply t o  d i s t r i b u t i o n s  of continuous 
v a r i a b l e s  only1. 
and f a i l u r e  rate. 
The ones given here  seem n a t u r a l  i n  t h e  context t h a t  rate 
Note, i n  p a r t i c u l a r ,  t h e  d i s t i n c t i o n  between hazard rate 
P r o b a b i l i t y  of Success f R e l i a b i l i t y ,  R 
-dR/dt = - d ( l n  R) 
R -  d t  
Hazard rate, h f 
dR dR 
No dt F a i l u r e  rate, f f - - dt , o r  f E - 
Cumulative Hazard, H f h(-t-) d-t- I' 
f E hR 
Spec ia l  case: cons tan t  hazard rate. 
L e t  h = A ,  a cons tan t  
- X t  
then H = A t  
R = e  
f = le-Xt AR 
S p e c i a l  case: very h igh  r e l i a b i l i t y  
R " 1  
h " f  
(A3 
I f  t h e  v a r i a b l e s  are not continuous e i t h e r  e x p l i c i t l y  o r  conceptually,  
No i s  t h e  i n i t i a l  number of elements. 
d i f f i c u l t i e s  arise i n  t r y i n g  t o  de f ine  these  parameters. 
This expression is  r a r e l y  used 
i n  t h e o r e t i c a l  developments, but i s  sometimes convenient i n  repor t ing  data.  
7 3  
From E q .  A4,  the  r e l i a b i l i t y  is d i r e c t l y  r e l a t e d  t o  the  area under 
the  hazard rate curve.  
obviously the  same as t h a t  between t, and t,. 
I n  F ig .  A-1, the  a r e a  between tl and t* is 1 * I n  Fig.  A-2, the  area between 
L L * t and t is  j u s t  as obviously more than that between t and t* Therefore,  
with a decreasing hazard r a t e ,  t he  p robab i l i t y  of f a i l u r e  ( f o r  a given mission) 
decreases  as time goes by--the "weaker" ones f a i l ,  leaving only the  "stronger" 
ones. 
1 1 2 2' 
* t* - t l  - t2 - t2 T 1 
t 
I 
h t  
t2 t*  1 t2X 
Fig. A-1.  Constant hazard r a t e .  
* tl - tl = t* - t2 2 
h i s  decreasing 
t 
2 t I 
Fig. A-2. Decreasing hazard r a t e .  
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APPENDIX B 
Est imat ion of Hazard R a t e  Using 
t h e  Slope of a Surv iva l  Curve 
Very o f t e n  one wishes t o  estimate t h e  hazard rate from da ta  under 
condi t ions where the hazard ra te  may n o t  be cons tan t .  Then the  fol lowing 
r e l a t ionsh ips  are of i n t e r e s t :  
1 
1) I f  - log  R is p lo t t ed  vs t i m e  t h i s  is equiva len t  t o  p l o t t i n g  the e 
cumulative hazard,  H ( t )  vs t i m e .  The s lope  (m) of t h a t  l i n e  w i l l  be the  
hazard rate, i e ,  h=m. I f  the  l i n e  i s  s t r a i g h t ,  the  s lope  is cons tan t  as  
expected f o r  the  exponent ia l  curve.  
2)  I n  some cases  because of the l a rge  Span of t i m e ,  i t  is inconvenient 
t o  p l o t  t i m e  l i n e a r l y .  
Then it is  easy  t o  show t h a t  the s lope  (in) of the  l i n e  is h x t ,  o r  h = m / t .  
3)  I f  Weibull paper is used t h i s  is equiva len t  t o  p l o t t i n g  
Suppose t h a t  -loge R H i s  p lo t t ed  vs log, t i m e .  
log, logel/R = log H vs log  t i m e ,  and the  s lope  (m) of t h i s  l i n e  is 
m = t h/H, o r  h = m 
hazard rate,  h ,  t o  t h a t  po in t  i n  t i m e .  Thus h = m h.  
It is  i n t e r e s t i n g  t o  note  t h a t  H / t  i s  t h e  mean 
t '  - 
4 )  For completeness ( r a t h e r  than u t i l i t y ) ,  t he  case f o r  a graph of 
R vs t is included. The s lope ,  my  of t he  curve is -R x h, o r  h = -m/R. 
I n  genera l  it i s  b e s t  t o  use graph-scales f o r  which the curve has 
the most nea r ly  cons tan t  s lope.  The slope a t  any poin t  is then much easier 
t o  c a l c u l a t e  and the  r e s u l t i n g  value of h w i l l  be more accura te ,  due t o  the  
absence of graphica l  and roundoff e r r o r s .  
t ab l e  be low 
The r e s u l t s  are  summarized i n  the  
Calcu la t ion  of hazard ra te  from a s lope  (m) 
hazard ra te  
These are most e a s i l y  v i sua l i zed  i n  terms of a graph, and are thus 
They apply equal ly  w e l l  of course t o  any numerical explained t h a t  way. 
ca l cu la t ions  of s lope.  The no ta t ion  is explained i n  Appendix A. 
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APPENDIX C 
Analysis of Tests when Hazard R a t e  Is Constant 
i n  T ime  and Obeys t h e  Arrhenius Equation1 
Assumptions : 
la. The hazard rate of t h e  process  is given by t h e  Arrhenius equation2 
where 
X i s  a hazard rate and is  a func t ion  of temperature. 
A i s  a cons tan t  
E is  an energy, o f t e n  r e f e r r e d  t o  as t h e  Act iva t ion  Energy 
k is Boltzmann's cons tan t  (0.86171 x 13 
T is  an abso lu te  temperature 
r e f  i s  a s u b s c r i p t  denoting a r e fe rence  condi t ion  
o is  a s u b s c r i p t  denoting a s p e c i a l  condi t ion  ( t o  be defined below). 
lb .  
-4  e V  1 4 O K  
-) e V  , E = 1.16049 x 10 
I. 
Since  a l l  of t h e  parameters above are independent of t i m e ,  t h e  
cons tan t  hazard rate formulas are appl icable .  
Each experiment is run a t  a constant temperature and t h e  f a i l u r e  
For each experiment, t i m e  and number of f a i l u r e s  are 
2. 
behavior is  recorded. 
t h e  d a t a  ( e i t h e r ,  o r  both,  can be  t h e  random v a r i a b l e ) .  
3. The r e s u l t s  of t h e  experiments are s t a t i s t i c a l l y  independent. 
A more complete de r iva t ion  and a n a l y s i s  has  been submitted t o  t h e  
Jou rna l  of t h e  E lec t ron ic s  Division, h e r .  SOC. Quality Control f o r  
pub li cation. 
The s i g n  Z is  used t o  imply an i d e n t i t y  and/or a d e f i n i t i o n .  
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It is  convenient t o  introduce2 
, ho  = lnX, h = lnh , 1 1 x - - ( - - - )  
i kTi kTo 
where T i i s  t h e  ith test temperature; 
then 
E x. ho -I- E xi 
1 -  X . r h  e = e  
1 0 
Then t h e  method of Maximum Likelihood y i e l d s  t h e  following b e s t  
values f o r  E and h 
0 '  
(C-2) 1, ni xi = 0 Y 3  
1 t. x. e L o ,  
h 
E x  
i l l  
t ini h, = I n  A 9 ( C - 4 )  
where n = t o t a l  f a i l u r e s  a t  Ti' 
= t o t a l  device  time a t  T 
i 
ti i' 
Unfortunately t h i s  no ta t ion  is not easy t o  remember; b u t  it is  easy 
t o  w r i t e ,  and makes t h e  equations much simpler t o  read. h can remind one 
of - hazard rate; and x can remind,one of t he  
kT kTo 
a x i s ,  which is  where 
- - -  I. is usua l ly  p lo t t ed .  x has the  dimensions of r e c i p r o c a l  energy. 
This equatio? de f ines  t h e  o r i g i n  f o r  x. Under these  circumstances t h e  
estimates, E and h,, are l i n e a r l y  uncorrelated--at least i n  an asymptotic 
sense. 
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Equation (2-2 is  e a s i l y  s a t i s f i e d  by t h e  proper choice of - ’ 
d a t a  are taken of course),  b u t  s a t i s f y i n g  Eq. C-3 p laces  some r e s t r i c t i o n s  
on t h e  n 





I f  n # 0 f o r  a t  least 2 d i f f e r e n t  i, t h e r e  is  no d i f f i c u l t y ;  
I f  ni f 0, t h e r e  i s  no s o l u t i o n  (except t h e  t r i v i a l  one of 
i 
A 
h hO h A, = e = 0, and E undefined); 
(c)  If ni = 0 f o r  i = j only,  T 
Temperature. I f  i t  were t o  be  one of those,  Eq. 12 could not  
be  s a t i s f i e d  except by E -t 4 03.  
cannot b e  t h e  h ighes t  or lowest 
j 
A 
Equation C-3 is  r e a d i l y  solved f o r  E by Newton’s method of i t e r a t i o n ;  then 
Equation C-4 is e a s i l y  evaluated. 
estimated var iances  (st i l l  according t o  the  ?.lethod of Maximum Likehood): 
More ca l cu lus  and a lgeb ra  g ive  t h e  following 
A 1 est.var (h,) = ,. 




1 = 1 est.var (E) = 
A h A 
E xi 1 xf mi 
eho 1, xi ti i 
A h 
where m 
estim$tes h, and E are s t a t i s t i c a l l y  independent3 s o  we  have f o r  any 
A h A h  A i e , (h = h, + xe): 
= A .  ti = estimate of expected number of f a i l u r e s  a t  T..  The 
i , I  A 1 
h 
h h 2 h 
es t .var (h)  = es t . va r (ho )  f x es t .var (E)  . (C-7) 
2 A A 
For most T (and consequently, x) of i n t e r e s t  x est .var(E) >> es t . va r (ho )  
s o  t h a t  ( e s t . sd  i s  t h e  estimated s tandard  devia t ion)  
es t . sd(h)  : x es t . sd(E) .  
A n 
A 
It is t h e  f a c t o r  x t h a t  causes e s t . sd (h )  t o  be  so l a r g e  when acce lera ted  
tests are ext rapola ted  back t o  opera t ing  temperatures. 
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0. e 
Since t h e  equations f o r  E and ho cannQt be  e x p l i c i t l y  solved, i t  is 
v i r t u a l l y  impossible t o  f i n d  t h e i r  p r o b a b i l i t y  d i s t r i b u t i o n s .  
t h e  following equations are reasonably accura te ,  even f o r  a minimum 
number of f a i l u r e s .  
However, 
A 
E t r u  . E -  
est. sd (E) 
- 
A ¶  'E - 
A 
4 
h t r u  h -  
A ¶  
= 
" est . sd (h )  
where q has a s tandard  Normal5 d i s t r i b u t i o n .  
t h i s  is borne out by s imula t ion  tests t h a t  have been run. The exac t  
d i s t r i b u t i o n s  depend on t h e  d e t a i l s  of t h e  tests. 
To a rough approximation, 
It i s  p o s s i b l e  t o  set confidence l i m i t s  on &,&, by using Equation 
C-9.  Confidence l i m i t s  on are ca l cu la t ed  from those  on 6; t he  6 i n t e r v a l  
h 
must be  ca l cu la t ed  f i r s t ,  then transformed t o  a X i n t e r v a l .  
The s u b s c r i p t  "tru" s tands  f o r  t h e  t r u e  value.  
A s tandard  Normal d i s t r i b u t i o n  has mean = 0, va r i ance  = 1. 5 -  
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APPENDIX D 
Step or Progressive 'Stressing' Using the Arrhenius Equation 
and Linear Cumulative Damage 
Let damage be proportional to 
t 
D z 1 R d - c  
0 
where D = damage 
A - E/kT (Arrhenius equation) R = damage rate = e 
T = Absolute temperature 
k = Boltzmann's constant 
E = so-called activation energy 
t,-c = time 
la. Let T = a + b-c 
where 
a,b = constants 
then 
E/k A - -  t 
D l = j e  
a+bT d-c. This is expressible in terms of the Exponential 
Integral. See Ref. 4 ,  p .  228, Sec. 5. 
0 
lb. T = a + bi 
where b = increment in temperature 
i = index 
E n A - -  a+b i . This is not a tractable sum. then D2 = fi e tstep 
1 
T 2. Let - = a + bt or a + bi 
A - -  E (ai-bt) 
-e 1 
Ea 
k A - -  
E 
k A - - (a+b.r) 
d T  = - ib { e  then D1 = 
0 
A - E a  b n  
n.1 A - -  E (a+bi) 
= e k 1 - e  
1 - e  b 




kT = a + b t  o r  a + b i  
- -  
3 .  L e t  e 
(a + bT)d? = t(a + % b t )  
0 
n- 1 




I n t e r p o l a t i o n  vs Extrapolat ion 
In t e rpo la t ion  means t h a t  the  new po in t  ( s e t  of va lues  of t h e  
'stress' parameters) a t  which evaluat ion is  des i red  lies very near t o  o r  
wi th in  t h e  "data" po in t s  (values of t h e  'stress' parameters a t  which 
da ta  w e r e  taken).  
s i d e  of the  "data" poin ts .  
according t o  the  po in t s  on the  following cha r t  as shown by the  c i r c l e s  (0). 
Extrapolat ion means t h a t  t h e  new po in t  l ies w e l l  out- 
For example, suppose f a i l u r e  da t a  were taken 
Temperature 




Then the  parameters of a model f o r  f a i l u r e  rate were ad jus ted  t o  g ive  a 
good f i t  t o  the  data.  
t h a t  is in t e rpo la t ion .  
be ex t rapola t ion .  
I f  t he  model is  evaluated a t  t h e  x ' s  f o r  example, 
I f  i t  w e r e  t o  be evaluated a t  t h e  A ' s ,  t h a t  would 
I n  the  one dimensional case (only one 'stress' parameter) t he  d e f i n i t i o n s  
are simpler:  
i t  is in t e rpo la t ion ,  i f  i t  i s  outs ide  them, i t  is  extrapolat ion.  
I f  t he  new poin t  is wi th in  the  extremes of t h e  o r i g i n a l  ones, 
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APPENDIX F 
L i f e  of a T r a n s i s t o r  when t h e  Temperature F luc tua te s  
As sump t ions : 
1. The curve of l i f e  (appropr ia te  p e r c e n t i l e )  vs temperature 
( a t  cons tan t  temperature) is known. 
2. The s e v e r i t y  level can be  completely charac te r ized  by a 
temperature. 
3. 
4 .  No new f a i l u r e  modes, which would decrease t h e  l i f e ,  are 
introduced by t h e  temperature changes. ( In  t h e  t h e o r e t i c a l  development, 
t h i s  is  i r r e l e v a n t  s i n c e  #3 determines t h e  method of ca l cu la t ion .  But 
when wondering whether o r  no t  #3 a p p l i e s ,  t h i s  i s  something t o  consider.)  
Linear cumulative damage is appropr ia te .  
L e t  t h e  P10 l i f e  (10% w i l l  f a i l  before  t h a t  time) be given by t h e  
l i f e  curve below and t h e  temperature p r o f i l e  be  a r egu la r ly  repea t ing  















Operating P r o f i l e  
The following c h a r t  can be developed from t h e  P1o l i f e  curve and t h e  
temperature p r o f i l e .  
a c t u a l  
equiva len t  
The damage rate is  t h e  r e c i p r o c a l  of P1o l i f e .  
u n i t s  of 10 L/hr where L i s  t h e  presumed equivalent P l i f e .  This f r a c t i o n  is 
ca l cu la t ed  by mul t ip ly ing  t h e  numbers i n  the  2 preceding columns. It is from 
t h e  t o t a l  of fraction-of-damage column t h a t  L is ca lcu la t ed ,  v i z ,  t h e  t o t a l  
must be uni ty .  
t h a t  a constant temperature of 162OC would g i v e  t h e  same P10 l i f e .  
The f r a c t i o n  of damage has 
-8 
10 
From t h e  P10 l i f e  curve, i t  can be shown ( f o r  what i t ' s  worth) 
a4 
It i s  i n t e r e s t i n g  t o  compare the  % l i f e  column with t h e  % damage column, 
eg, a t  35OoC, 15% of the  l i f e  causes 43% of t h e  damage; while a t  5OoC, 
40% of t h e  l i f e  causes less than 4% of t h e  damage. 
From Sec. 3.6 i t  should be remembered t h a t  L = 42.9 x lo6  h r  w i l l  no t  
be the  a c t u a l  Plo l i f e ,  bu t  is presumed t o  be c lose  t o  it. 
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APPENDIX G 
Dangers i n  Extrapolat ing a Truncated Series 
The main text outlaws ext rapola t ion  when a truncated series is fitred 
(assuming that the rare case of exact model is not present). to a set of poin ts  
The reason I s  that the higher order terns get out of hand rapidly when t h e  
region over which the  good fit: was calculated is exceeded, 
As an example, a truncated series which will calculate LOx to +_ 0.001 
or b e t t e r ,  is used. The calculation is accurate only €or 0s x s 1. The 
two graphs below ehow whag happens over the range 0 < x < 5. 
shows the ra t io  of t r u e  to  calculated value, and the other shows the  absolute 
e r r o r .  The dotted Line means that the error is less than 
ca lcu la t ed  more accura te ly  than t h a t ) .  
One graph 
(it w a s  not. 
If more terms w e r e  added t o  give a better f i t  within t h e  0 to 1 interval, 
the  behavior outs ide would be even worseo 
t he  dangers in th i s  kind of extrapolation, other examples would show d i f f e r e n t  
This example merely i l l u s t r a t e s  
x 
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Maximum Likelihood, Least-Squares, and Estimating 
t h e  Parameters of a S t r a i g h t  Line 
Assume:  
1) The process can be described by t h e  genera l  equation: 
y = f ( x )  + o(x)z 
f = f ( x )  
1 
where z has a s tandard  Normal d i s t r i b u t i o n :  
2) The values  of y = y.  (assuming t h a t  f and o are known funct ions  1 
and t h a t  x is given) are s t a t i s t i c a l l y  independent. 
i 
Then it can be shown by t h e  method of Maximum Likelihood t h a t  one should 
minimize t h e  expression 
When the  u are known, t o  minimize R i s  t o  minimize t h e  sum of t h e  squares i 
of the  dev ia t ions ,  ji - f i j  hence t h e  name "least squares". 
app ropr i a t e  formulas can be derived by minimizing R, r ega rd le s s  of whether 
t h e  parameters of t h e  func t ion  o(x) are known o r  not ,  
and o(x) must be  known of course. 
All t he  
The form of both f ( x )  
For t h i s  example, l e t  o(x) = o = cons tan t  and l e t  f ( x )  = mx f b. 
lem is  t o  determine o 9  m,  b so t h a t  
2 1 R = N lno + - 1 [yi - (mxi f b ) ]  
202 
i s  minimized. This is done by t h e  usua l  methods of ca lcu lus .  It is  also 
d e s i r e a b l e  t h a t  t h e  estimates of o ,  m, b be  s t a t i s t i c a l l y  independent. 
This is assured (asymptotically) i f  t h e  following equations are s a t i s f i e d :  
1 
2 
Standard Normal: mean = 0, var iance  = 1 
AS is  customary: 1 means t o  sum i over a l l  N po in t s  f . 5 f(xi)  oi o b i >  - 
1 
It is  eas t o  sees here ,  t h a t  t h e  weight f o r  each p o i n t  is l / o  '$ as 
mentioned i n  d e  main t e x t .  i 
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The second two are automat ica l ly  s a t i s f i e d .  
choosing t h e  o r i g i n  f o r  x such t h a t  1 xi = 0. 
i t  is presumed t h i s  has  been done. 
The f i r s t  is  s a t i s f i e d  by 
I n  t h e  following equations,  
N 
h * h  n 
But t h e  r e a l l y  important estimates are t h e  var iances  of b ,  m,  0, and y. 
These are ca l cu la t ed  from t h e  genera l  r e l a t i o n s h i p  
e s t . va r  (e) = 
4 
2 -1 
The h a t  symbol ( A )  is  used t o  denote t h e  least-square estimate. The 
symbol . . . 1 means to  eva lua te  the expression a t  t h e  A conditions.  
The no ta t ion  est,var (e) means estimated var iance  of $, where 0 i s  any 
Remember t h a t  t h e  o r i g i n  of x has  been ad jus ted  so  t h a t  cx 
parameter being estimated. All t h e  c ros s -pa r t i a l s  must be zero. 
i = 0. 
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It is easy t o  de r ive  t h e  following equations: 
A2 
A a 5  est.var (m) = -, 
A2 
A a est.var (b) = - N '  
-2  
A a e s t . v a r  ( 0 )  = - 2N ' 
A 2 A A 5  
est.var (7) = x est.var (m) -+ est.var (b). 
A 
The equation f o r  est,var (7) would not be t h i s  simple i f  t h e  estimates of 
m and b w e r e  no t  s t a t i s t i c a l l y  independent; s i n c e  they are, t h e  formula i s  
derived from t h e  f a c t  t h a t  t h e  var iance  of a sum is the  sum of var iances  (given 
s t a t i s t i c a l  independence). Since t h e  f i r s t  term i n  t h e  equation f o r  est.var (7) 
i s  usua l ly  much g r e a t e r  than t h e  second, f o r  any ex t r apo la t ion ,  t he  
estimated s tandard  devia t ion  (est .sd)  can be w r i t t e n  as 
A 
It is  from t h i s  equation t h a t  t h e  p i c t u r e  i n  Sec 5 .1was drawn. 
It is  of i n t e r e s t  t o  some people t h a t  maximum l ike l ihood estimates may be 
biased. I n  t h e  above estimates, i t  is r e a d i l y  noted t h a t  
A2 
0 
eliminated by t h e  usua l  formulas. Remember, however, i f  0 is an unbiased 
estimate of 0 ,  g (0") w i l l  no t ,  i n  genera l ,  
is biased. This is  n e i t h e r  good nor bad i n  i t s e l f ,  b u t  o f t e n  t h e  b i a s  i s  * 
6 
be  an unbiased estimate of g(0). 
I f  0" i s  an unbiased estimate of 0 ,  g ( 0 " )  is an unbiased estimate of 
g (0 ) ,  if and only i f ,  g (e) is  l i n e a r  i n  0 .  
90 
A2 A 
Therefore i f  CT is  co r rec t ed  t o  b e  unbiased, o w i l l  n o t  b e  unbiased. A 
big  reason t h a t  s ( t h e  unbiased estimate of o ) is used so o f t e n  is  t h a t  
s 
2 2 
is  requi red  i n  many s ta t is t ical  formulas. 
Engineers, when faced wi th  an "unbiasing" dec i s ion  f o r  0 should compare 
* 
A h 
t he  d i f f e r e n c e  i t  w i l l  make wi th  t h e  e s t . s d  (e ) ,  since e s t . s d  (0)  is  a 
measure of t h e  unce r t a in ty  i n  0 .  
any engineering s ign i f i cance .  
i cance  should be g r e a t ,  (eg, b ias ing  o r  unbiasing w i l l  cause an important 
A 
Generally, t h e  d i f f e r e n c e  w i l l  n o t  have 
I f ,  on t h e  o the r  hand, t h e  engineering s i g n i f -  
dec is ion  t o  be  reversed) then be very c a r e f u l  i n  
t h e  parameter should have an unbiased estimate. 
good example of t he  d i f f i c u l t i e s  t h a t  can arise; 
cons tan t  and estimated by A .  Then which *do you 
A 
A A  * A A 
deciding what func t ion  of 
The hazard rate is  a 
assume the  hazard rate i s  
want unbiased, 
A ,  M 5 1 / X  o r  R = exp (-At)? 
which g ives  an unbiased estimate of t h e  parameter of concern: 
A l l  w i l l  have d i f f e r e n t  va lues  of A*, t he  va lue  
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